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ABSTRACT 
Heated passive headspace concentration is presently the most commonly 
utilized technique for the extraction of ignitable liquid residues from fire debris 
evidence. This process, introduced by William Dietz in 1991, typically involves 
suspending an activated charcoal strip within an airtight container such as a 
metal can and incubating the sample for a period of time. ASTM Standard 
Practice E1412-07 advises heating the sample for 2 to 24 hours at a temperature of 
50 to 80° Celsius. Subsequently, the compounds are easily eluted from the 
adsorbent with a suitable solvent, often carbon disulfide, and analyzed using gas 
chromatography I mass spectrometry ( GC I MS) for the potential identification of 
any ignitable liquid residues. It is a simple, sensitive, and nondestructive 
method, and can often be performed within the original sample packaging. The 
activated charcoal strip, which does not interact with water or nitrogen, is 
v 
advantageous in its affinity for hydrocarbons and resistance to oxidation. The 
technique is highly efficient for recovering petroleum-based ignitable liquids, 
however, it has had limited success with adsorbing and concentrating 
oxygenated species. 
In an effort to improve the recovery of ignitable liquids containing 
oxygenated compounds, previous studies have suggested zeolites are a suitable 
adsorbent for the recovery of acetone through heated passive headspace 
concentration. Zeolites are inorganic, microcrystalline materials that have a well-
defined internal structure and uniform pore size. Most frequently aluminosilicate 
with internally dispersed cations, zeolite particles attract small organic 
molecules, including alcohols and ketones. Their high thermal and chemical 
stability make them ideal adsorbents for heated passive headspace applications. 
An additional advantage to utilizing zeolites involves their well-defined pore 
size, which is ideal for the selective adsorption of small organic molecules. 
Zeolite 13X is effective for recovering analytes with molecular diameters smaller 
than 10 A, such as acetone (6.3 A). A compound with a molecular diameter 
greater than the zeolite pore size may not gain access to the internal channels, 
and thus may not be internally adsorbed. 
The primary aim of this study was to further optimize the conditions for 
implementing zeolites as a viable extraction technique within fire debris 
casework, as a complement to the activated charcoal strip method. Extraction 
time and temperature, desorption solvent, and gas chromatography parameters 
were all examined with the goal of providing the most efficient recovery of five 
Vl 
oxygenated volatile compounds: ethanol, 1-propanol, 1-butanol, isopropanol, 
and acetone. Recovery by the use of zeolites desorbed in methanol was up to 
triple in amount when compared to recovery by activated charcoal strips with 
carbon disulfide. This is in accordance with previous studies that reported a 
320% improvement in acetone recovery by utilizing zeolites. In an effort to 
evaluate the ability of zeolite 13X to selectively adsorb oxygenated volatile 
compounds, comparative recoveries of mixtures of petroleum and alcohol-based 
ignitable liquids were studied utilizing activated charcoal strips and zeolites, 
individually and in tandem. In the presence of both adsorption media within the 
same can, the activated charcoal strips alone recovered three major components 
of gasoline (toluene, 1,2,4-trimethylbenzene, and naphthalene), while the zeolites 
recovered the majority of oxygenated compounds. This phenomenon is 
attributed to the size exclusion properties, polarity, and available surface area of 
the zeolites. This research supports the use of both zeolites and activated 
charcoal strips, in what is termed a dual-mode adsorbent preparation, for the 
simultaneous recovery of oxygenated and petroleum-based ignitable liquids in a 
single fire debris extraction procedure. 
Vll 
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1. INTRODUCTION 
In 2010 alone, fire departments ;esponded to 1,331,500 fires within the 
United States1• The National Fire Protection Association (NFPA) estimated that 
27,500 of these incidents were intentionally set structure fires, an increase of 3.8% 
from 2008. The midwestern and southern regions of the United States had the 
highest rates of fires between 2004 and 2008, both reporting approximately 5.9 
fires per thousand people2• The NFP A also reported that of all fires deemed to 
have been intentionally set, approximately 18% of cases were typically cleared by 
arrest or exceptional means3; in these instances, enough evidence was collected to 
identify, locate, and arrest the culprit, but for a circumstance barring action, e.g. 
death of the perpetrator. The vast majority of arson cases are never solved, and 
thus the parties responsible are never apprehended. 
Current methods of fire investigation employ a dual approach. The first 
part of the investigation is performed by fire marshals and trained investigators 
who identify the point of origin and the path of the fire. If an accelerant was 
utilized, the fire investigator generally recognizes the macroscopic patterns or 
signs associated with its use and collects associated samples. The second portion 
is conducted within the forensic laboratory, as analysts examine the collected fire 
debris using chemical methods in an effort to identify the presence or absence of 
ignitable liquid residues (ILRs). 
The science behind the chemical analysis of fire debris has been tested and 
proven repeatedly, though advancements in techniques should be regularly 
made. This research project was aimed at enhancing the current methods of fire 
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debris analysis by increasing the ability to recover oxygenated ignitable liquids 
(ILs) from fire debris samples by supplementing heated passive headspace 
extraction using activated charcoal strips with zeolite 13X. 
1.1. Fire Chemistry 
Fire is an exothermic reaction in which a combustible substance is rapidly 
oxidized producing heat and light. Four conditions must be fulfilled to produce 
a fire, depicted in the "fire tetrahedron"4• First, there must be fuel present. Fuel 
can come in many forms, from a liquid such as kerosene, to a solid such as 
carpeted flooring, to a gas such as methane. Next, an oxidizer is necessary; the 
most common source of oxidizer is oxygen gas, which comprises approximately 
21.2% of the atmospheric ait. The third requirement is a heat source. A sufficient 
input of thermal energy must be applied for the reaction to begin. A match can 
serve as well as a bolt of lightning for this ignition source. With the first three 
conditions met, the fourth "side" to the tetrahedron is an uninhibited chain 
reaction. This final component represents the readiness for a fire to burn 
continuously, until one of the required consituents is hindered. 
In fire suppression efforts, firefighters attempt to extinguish a blaze by 
removing one of these facets. For instance, a typical handheld fire extinguisher 
douses a flame with foam, hindering the oxidizer from contributing further to 
the fire. Water is used in extinguishment efforts as well, both to reduce thermal 
energy and available oxygen. When used correctly, these methods eliminate a 
2 
necessary condition, disrupting the uninhibited chain reaction, and arresting a 
fire. 
Figure 1. Fire tetrahedron. 
1.2. Accelerants 
In the context of intentionally set fires, an accelerant may be defined as a 
substance deliberately employed to increase the rate of ignition, burn, or spread 
of fire6• It is often an IL, such as lighter fluid or gasoline, though it need not be. 
For instance, rags or paper laid in a deliberate pattern, or "streamers", are 
accelerants because they are used to direct the spread of a blaze. While many 
believe that the use of ILs allow a fire to bum hotter, this is a misconception. The 
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most remarkable difference between accelerated and non-accelerated fires is that 
the former rapidly increases in temperature, while the latter increases gradually. 
All other conditions being the same, both fires will ultimately reach similar 
maximum temperatures4• 
The most commonly utilized accelerants appear to correlate with the most 
readily available flammable products. Gasoline, diesel, and kerosene are 
encountered frequently. These fuels are hydrocarbon mixtures derived from 
crude oil fractionation6• The refinement process produces a wide variety of fuels, 
oils, waxes, and commercial products. Fortunately, that same process also results 
in chemical properties that can be of use to a fire debris analyst. The types of 
compounds present within an IL, as well as their boiling points, allow for 
detection and classification of the product. 
ILs not derived from petroleum refining may also be found at a fire scene. 
Many alcohols and ketones, oxygenated ILs, are commercially available and 
highly flammable. Isopropanol and acetone may be obtained from a pharmacy in 
the form of rubbing alcohol and nail polish remover, respectively. Any liquor 
store can supply ethanol in the form of high-proof alcohol, and in a glass 
container an arsonist would need only a piece of cloth to wick a Molotov cocktail. 
A 1992 study of household products for volatile organic compounds reported the 
presence of acetone, for instance, in 314 of 1,005 products tested. The products 
were distributed among categories such as automotive products, household 
cleaners, adhesive products, fabric and leather treatments; and cleaners for 
electronics, and could all be obtained from public retailers7• The number of 
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"green" or environmentally friendly household products on the market 
continues to increase; these often are created using low-odor low-molecular 
weight compounds, some of which are flammable. For instance, Clorox® has a 
line of Greenworks® cleaning products which include an all-purpose cleaner, a 
glass cleaner, and cleaning wipes, that contain ethanol "for a streak-free shine"8• 
Alternative fuels, materials that are not petroleum-derived which are used 
to power an engine, have also become more common in recent years9• E85 is an 
alternative fuel example composed of 15% gasoline and 85% ethanot and is 
highly flammable. Consumption of E85 has escalated greatly from approximately 
22,000 gasoline gallon equivalents (GGEs) in 1992, to nearly 38,074,000 GGEs in 
200510, an increase of more than 1730% in just 13 years. As the use of alternative 
fuels becomes more conventionat one can expect to see them in arson cases as 
well. It is imperative that forensic laboratories ensure extraction and 
characterization methods are modem, sensitive, and suitable for all types of 
ILRs. 
Fire or crime scene personnel collect fire debris samples at the scene and 
package them within various sealable containers, typically glass mason jars, 
airtight bags, or clean metal paint cans11 • The packaging must be free of 
contaminants and vapor-tight as ILs are mostly composed of volatile 
hydrocarbons and/ or polar compounds12• It is imperative to preserve traces of an 
IL during transport or storage, to prevent loss of evidence before analysis can be 
performed. 
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1.3. Current Methods 
The method of fire debris extraction most commonly employed today is 
heated passive headspace concentration. Twibell and Home first reported in 1977 
the improved recovery of components of petrol and paraffins with the use of a 
wire coated with charcoal suspended for a period of time within sample 
packaging, and then rapidly introduced to a gas chromatographic system13• A 
number of research projects followed, including the development of solvent 
elution in 19824• Then in 1991, William Dietz outlined an optimized passive 
headspace technique14• His publication examined the effectiveness of a newly 
available activated charcoal strip adsorption device and compared it to activated 
charcoal contained within high porosity filter paper. The charcoal forms were 
separately placed inside sample containers and used to capture vapor 
components of ILRs as they entered the headspace during the passive extraction 
process. Both were later desorbed within a volume of carbon disulfide (CS2). 
Dietz reported that both activated charcoal forms were highly effective in 
recovering a standard accelerant mixture composed of gasoline, kerosene, and 
diesel by heating for as little as an hour or storing at room temperature for 24 
hours. 
From here, research projects began to employ the charcoal strip in eamest. 
A 1993 publication reported that it was possible to perform multiple extractions 
via passive headspace15• Even when several months elapsed between extractions, 
sufficient chromatographic data could be obtained to satisfactorily identify ILRs 
present. The nondestructive nature of the method made it a favored choice for 
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forensic applications where consuming evidence is a final option only. 
Examination of the effects of time, temperature, size of charcoal strip and 
concentration of sample were performed to provide an optimal analysis scheme 
for the extraction of petroleum-based ILRs from fire debris samples16• In 1997, an 
alternative desorption solvent to carbon disulfide was examined due to its noted 
health hazards and unpleasant odor. However, though diethyl ether was shown 
to produce no loss in sensitivity, cs2 remained-and remains-the "solvent of 
choice" for many fire debris analysts17• Today, analysts have a few additional 
approaches available to them for analysis of fire debris samples for ILRs, such as 
solvent extraction18 or solid-phase micro-extraction, but heated headspace 
continues to be the favored method due to its ease, robustness, nondestructive 
nature, and precedent of court admissibility. 
Phelps, Chasteen and Render proposed an improvement to low molecular 
weight compound recovery in 199419• The research group had observed the 
inefficient three-step process used for alcohol and ketone detection. At the time 
an extensive method was necessary, which consisted of initial oxygenate 
screening via direct headspace sampling, then an extraction for petroleum 
products, followed by a subsequent extraction for alcohols and ketones, using a 
second instrumental technique. Instead, the paper described success in recovery 
of trace levels of methanol, ethanol, isopropanol and acetone from laboratory 
samples using activated charcoal strips with CS2• Baseline resolution of methanol 
from ethanol, and both from isopropanol and acetone, was obtained using gas 
chromatography (GC) coupled to a flame ionization detector (FID). Isopropanol 
7 
and acetone could not be separated by GC/FID, but a GC/MS utilizing an ion 
trap was successful in separating the two compounds. In addition to the recovery 
of a standard mixture of the aforementioned alcohols and ketones, a test was 
performed in which equal volumes of both an oxygenated compound and 
kerosene were spiked. Phelps et al. found that while oxygenates were 
recoverable in the presence of kerosene, they were greatly reduced relative to the 
recovery that had been obtained without kerosene. This trend was attributed to 
the greater affinity of the charcoal strip for hydrocarbons over oxygenated 
compounds, and for higher molecular weight compounds over lighter molecular 
weight compounds. Thus, low levels of alcohols and ketones were recovered via 
a non-polar adsorbent and a non-polar solvent. 
1.3.1. GC/MS Analysis of Ignitable Liquid Residues 
A gas chromatographic system coupled to a mass spectrometer (GC/MS) 
is thought of by many in the field of forensic science as the laboratory workhorse. 
By this, it is meant that the GC I MS is central to the processing of myriad 
evidence types, including toxicological samples, controlled substances, explosive 
residues, fire debris, and many others. 
The GC/MS is a two-part system, as its name implies. The GC is an 
instrument for separation that resolves individual components within a mixture 
based upon varying degree of affinity for the stationary or mobile phases. If a 
sample has multiple compounds in it, some will be more attracted to the polymer 
coating the fused silica column, or stationary phase, and will spend more time 
associating with it than other compounds. Differing affinities allow for the 
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separation of compounds, which will travel through the system and elute at 
different times. As an individual compound elutes from the GC, now pure, it 
continues to the ionization chamber of the mass spectrometer. The mass 
spectrometer portion of the GC/MS system provides structural information for 
individual peaks (corresponding to individual compounds) within the 
chromatogram. 
In one type of ionization chamber, electrons produced by a heated 
tungsten filament bombard the molecules in a process known as electron impact. 
The collisions induce fragmentation, and the fragments of a compound are of 
characteristic sizes depending on its molecular structure. After fragmentation, 
the mass analyzer, typically a quadrupole, separates the fragment ions according 
to their mass-to-charge (m/ z) ratio. A quadrupole is designed such that four rods 
are arranged in a square configuration; two of the rods have radio frequency 
while two rods have direct current voltage. Ions enter the detector after 
separation, and a relative measure of their abundance is taken. The detector 
converts the ion signals to a quantifiable electronic current that can be 
interpreted by the data analysis computer system. 
The mass spectrometer is generally configured to operate in one of two 
different modes. Regardless of mode, the detector amplifies the signal of the 
received fragments, and records it graphically into a computer system. In the 
first configuration, scan mode, a wide range of m/ z fragments are allowed to 
pass through to the detector20• Conversely, in selected-ion monitoring (SIM) 
mode, as fragment ions pass through the quadrupole, only those of a certain m I z 
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will reach the detector and be detected. Fragments outside the specific m/ z 
range will collide with the electrodes and become neutralized. Scan mode allows 
for the detection of a greater number of compounds, though it is less sensitive 
than SIM and takes longer to perform. SIM mode enables targeted detection of 
certain fragments of interest and is used often for controlled substance analysis. 
A plot of ion current versus time displays a sequence of peaks, known as a total 
ion chromatogram (TICf0• The TIC can provide a pattern to which recognition 
techniques may be applied by fire debris analysts, as well as information 
regarding relative amounts of compounds present that constitute the IL4• 
For fire debris analysis, the GC/MS is invaluable. A mixture as complex as 
gasoline can be separated into a recognizable chromatographic pattern in 
approximately 20 minutes. Additionally, the many peaks within the pattern may 
be examined individually and the compounds they represent may be elucidated 
based on the fragmentation patterns measured in the mass spectrum. A fire 
debris analyst is trained in the patterns associated with each class of 1Ls21, and 
the types of compounds expected to be within each. With such knowledge, it is 
possible to identify and characterize thousands of different IL products. 
Another method for interpretation of GC/MS data is by extracted ion 
profile, or EIP. An analyst can set the software to display specific m/ z values 
from within a larger collection of mass spectral data as separate chromatograms 
based on characteristic fragment sizes4• In this way, patterns associated with 
particular classes of compounds may be visualized separately. For instance, 
naphthenic-paraffinic products are composed of isoparaffinic and cycloparaffinic 
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compounds, i.e. branched and cyclic alkane compounds22• While the TIC pattern 
of such a product might not be sufficient for identification, an EIP would show 
few n-alkanes, aromatics, or naphthalenes, and instead an abundance of 
isoparaffinic and cycloparaffinic compounds. This information, taken together, 
allows an analyst to correctly identify a naphthenic-paraffinic product. 
1.3.2. ASTM Guidelines 
Two best-practice guidelines were published and have been kept current 
through regular review and revision23 by the American Society for Testing and 
Materials International (ASTM). Taken together, they provide a cohesive process 
for the extraction, instrumental analysis and data interpretation of ILRs. ASTM 
guideline E1412-07 describes the use of activated charcoal as an adsorbent in 
nondestructive passive headspace concentration for low levels of ILs24 • It was 
intended for use in preparing extracts from fire debris samples for later analysis 
with GC/MS or GC coupled to infrared spectroscopy, which was described in 
ASTM guideline E1618-l025 • This test method provided an outline for apparatus 
setup, methods for data analysis, and an IL classification scheme. This 
categorization system allowed analysts to standardize their findings and reports, 
removing a level of subjectivity from forensic conclusions. 
ASTM outlined seven major classes of ILs: gasoline, petroleum distillates 
(which includes de-aromatized distillates), isoparaffinic products, aromatic 
products, naphthenic-paraffinic products, normal-alkane products, and 
oxygenated solvents. An eighth category, miscellaneous, is a diverse category for 
those products that cannot be placed within the first seven either because they fall into 
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T bl 1 I 't bl I' . d I 'f' r a e . Lgma e IqUI c ass1 tea ton sc h emeou tl' d b ASTM E1618 10* IDe ,y -
Class Light (C4-C9) Medium (C8-C13) Heavy (C8-C20+) 
Gasoline 
(all brands, incl. Fresh gasoline is typically in the range C4-C12 
~asohol and E85) 
Petroleum Petroleum ether Charcoal starters Kerosene 
Distillates (incl. Cigarette lighter fluids Paint thinners Diesel fuel 
Jet fuels De-Aromatized) Camping fuels Dry cleaning solvents 
Charcoal starters 
Isoparaffinic Aviation gas Charcoal starters Commercial Paint thinners Products Specialty solvents Copier toners specialty solvents 
Paint and varnish Auto parts cleaners 
removers Specialty cleaning Insecticide vehicles 
Aromatic Products Auto parts cleaners solvents Industrial cleaning 
Xylenes, toluene-based Insecticide vehicles solvents 
products Fuel additives 
Naphthenic- Cyclohexane-based Charcoal starters Insecticide vehicles 
Paraffinic Products solvents I products Insecticide vehicles Lamp oils Lamp oils Industrial solvents 
Normal-Alkane Solvents Candle oils Candle oils 
Products 
Pentane, Hexane, 
Copier toners Carbonless forms Heptane Copier toners 
Alcohols, ketones Lacquer thinners Lacquer thinners Oxygenated Fuel additives Industrial solvents Solvents Surface preparation Metal cleaners I gloss 
solvents removers 
Single component Turpentine products Others- products Blended products Blended products Miscellaneous Blended products Specialty products Specialty products 
Enamel reducers 
The roducts listed in the various classes of this table are exam les of known commercial uses o * p p f 
these ignitable liquids. These examples are not intended to be all-inclusive. Many of the examples 
can be prefaced by the word "some", as in "some camping fuels". Reproduced from ASTM 
E1618-1025• 
more than one, or none. In addition to the major classes, three subclasses are 
outlined to further characterize ILs based upon predominant boiling point 
ranges. In this way, a "light" product is one in any category that has the majority 
of its chromatographic pattern falling within the n-C4 to n-C9 range. Similarly, a 
"medium" product falls within the n-C8 to n-C13 range, while a "heavy" product 
has a range of n-C8 to n-C2o+· For some ILs, it may be most accurate to describe it 
as a "light to medium" or a "medium to heavy" product, and this is permitted. 
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The oxygenated compounds discussed within this paper are typically 
categorized as light oxygenated products based upon the ASTM classification 
scheme, reproduced in Table 1. 
1.4. Objective 
The current use of activated charcoal strips in heated passive headspace 
extraction is a reliable, sensitive, and nondestructive method21 that works well 
for low levels of petroleum-based ILs (see Figure 2). While this extraction 
protocol is also used at present in some laboratories for the recovery of 
oxygenated ILs, it is perhaps not the best possible method for such analytes. 
When oxygenated ILs are processed via passive headspace, displacement 
can occur on the surface of the charcoal strip. As previously mentioned, the non-
polar charcoal strip has a higher affinity for hydrocarbons than for oxygenates, 
and a higher affinity for high molecular weight compounds over low molecular 
weight compounds. Molecules of a ketone or alcohol may enter the headspace 
and adsorb to the strip at first, but as heavier molecules volatize they gradually 
replace lighter, more polar compounds. This means that if larger molecules or 
more non-polar molecules are also present within a given fire debris sample, an 
oxygenate may not be detected. 
Another difficulty faced when attempting recovery of oxygenated ILs has 
to do with instrumentation. A given GC/MS method for fire debris samples 
often includes a solvent delay, which means that for the first few minutes of a 
run the MS detector is turned off. This is done so that when the large solvent 
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peak elutes, the filament will not be overloaded and sensitivity can be 
maintained. CS2 or pentane is generally chosen as the solvent, both of which 
elute within the first few minutes of a chromatographic separation, and as a 
result the detector is programmed to turn on around five minutes. 
Unfortunately, any compounds that elute before the detector is on, such as 
ethanol or acetone, are not detected. 
0 
Extraction Setup 




Volatile Compounds Enter 
Headapace During H.atlng 
Pualve O..orption 
(Solvent) 
- - GC/MS Analysis 
Figure 2. General heated passive headspace extraction process using activated 
charcoal strips, followed by passive solvent desorption and GC/MS analysis. 
Oxygenates are highly volatile and are easily lost at a fire scene, often by 
evaporation due to high heat. Also, because oxygenates are polar molecules with 
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a high affinity for water, they may be lost during the application of water in fire 
extinguishment efforts. While at present it is not possible to combat the loss of 
oxygenated compounds due to such harsh fire scene conditions, it may be 
possible to ameliorate the sensitivity of current fire debris analysis techniques for 
oxygenated ILs. 
1.4.1. Hypothesis 
The objective of this research study was to examine the utility of zeolites 
as an adsorbent in heated passive headspace extraction in an effort to increase 
the recovery of oxygenated IL compounds. In this research project, an extraction 
protocol that supplements the current headspace concentration technique with 
zeolite 13X is examined and evaluated based on its ability to recover ethanol, 1-
propanol, 1-butanol, isopropanol, and acetone. 
1.5. Zeolites 
Zeolites are aluminosilicate materials that feature unique microporous 
and microcrystalline architectures26• Zeolite pores are approximately uniform 
and are of molecular dimensions27'28, a characteristic which makes them 
amenable to a number of engineering and industrial applications. The pores are 
formed from a tetrahedral framework of silicon, aluminum and oxygen atoms29 • 
The name "molecular sieve" is often used interchangeably, and comes from the 
size exclusion property of zeolites. Guest molecules on the order of the zeolite 
pore diameter may enter the zeolite pores into channels or cavities, but those that 
are larger than the pore may not. The internal structure of zeolites is studded 
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with cations, which attract oppositely charged guest molecules. One may think 
of the zeolite structure as a series of caverns, large enough for only certain 
molecules. Zeolites can be utilized in wastewater treatment to "trap" 
contaminants by adsorption within the pores, in industrial environments to 
remove toxic volatile organic compounds from the air30, as well as for controlling 
chemical reactions via confinement. Advantages to using zeolites for these uses 
over polymeric materials include the fact that zeolites do not swell, are stable at 
high temperatures, and tend to be more chemically inerf8• A chemical change 
that occurs within a zeolite pore will allow only products that fit within the 
confines of that pore to be produced. As such, zeolites can drive a reaction to a 
particular product. 
As of 2000, the existence of approximately 40 naturally occurring forms of 
zeolites was reported26• In addition, over 180 synthetic zeolite types have been 
made, which are similar in chemical composition but vary in terms of pore 
topologies31 • In other words, different varieties of zeolites may feature varied 
pore sizes and cation compositions. Much of the success of any engineering or 
chemical application of zeolites has to do with identifying a variety with suitable 
topology for that application. Zeolite 13X is one particular variety which features 
a pore diameter of approximately 10 A32, a mean cavity radius of 7.11 A33, and 
internal sodium cations34• The 13X particles have an average diameter of 1.58 
mm32, though individual particles may vary. Zeolite 13X was the type used 
throughout this research project, after St. Pierre demonstrated their high 
efficiency (compared to activated charcoal, mordenite or Y zeolites) to recover 
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acetone35• To better visualize the channels and pores of 13X, scanning electron 
microscopy (SEM) imaging was used. In Figure 3, one can see the 13X structure 
at magnifications up to ll,OOOx. 
It was believed that adsorption of analytes occurs within the zeolite pores, 
in addition to on the external surface of the zeolite particles, so the added surface 
area would result in enhancement of oxygenate recovery. The amount of surface 
area available per gram of 13X zeolites varies in reported amounts throughout 
the literature, from approximately 403 m2 I g36 to approximately 809m2 I g40, a two-
fold difference (see Table 2). 
Table 2: R epo rt d 1 e va ues f rt t3X or zeo 1 e "I bl ava1 a f e sur ace area 
Literature Source Surface area, m~/g Citation 
Zeni M, et al. 403 ~0 
Li G, et al. 445.5 ~I 
Siriwardane, Shen, Fisher, and Poston 506 .,., 
Franchi, Harlick, and Sayari 800 ~~ 
Yang, Xia, Sun, and Mokaya 809 4U 
The positively charged surface of the 13X particles is another important 
feature. This positive charge may help to attract negatively charged molecules, or 
molecules with a dipole that can orient its negative side with the 13X surface. 
Oxygenated compounds can meet this dipole requirement, while aliphatic 
compounds cannot, and aromatics may with some difficulty due to their 
conjugated nature. 
It is thus proposed that the size exclusion property, large surface area, and 
polar surface feature of zeolite 13X together serve to improve the recovery of 
oxygenated ILs. Zeolite 13X was shown to be suitable for adsorption of volatile 
methanol, ethanol, and isopropanol in a 2006 study, however, desorption was 
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Figure 3. Scanning electron microscopy (SEM) images of zeolite 13X at various 
magnifications, from whole particle (top left) to internal pore structure at 
ll,OOOx (bottom right). 
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not investigated34• This research group is aware of no other study that suggests 
the use of zeolites for applications within the field of fire debris analysis. 
1.6. Developments to the Zeolite 13X Extraction Technique 
This research serves as the third investigation into zeolite applications for 
oxygenated IL recovery, all performed within the Hall laboratory at Boston 
University. Kathryne St. Pierre originated the project with studies of zeolite 
recovery of acetone35• The identification of an appropriate zeolite variety, the 
construction of the adsorbent zeolite bag, the appropriate heating parameters for 
passive headspace extraction, and a GC/MS run method suitable for acetone, 
were all outlined. St. Pierre reported a 70% increase in the recovery of acetone 
when using zeolite 13X instead of activated charcoal strips (ACS). Additionally, 
it was demonstrated that three times more acetone could be recovered by 13X 
than by ACS, even in the presence of water. 
Alison Gugliotta continued the investigation of zeolite 13X, and expanded 
the target compounds from one to four: methanol, ethanol, isopropanol, and 
acetone41 • The study found the data of St. Pierre to be reproducible, citing a 62% 
increase in the recovery of acetone with the use of zeolite 13X. Additionally, 
recovery increases of 1.85 times for methanol, 2.36 times for ethanol, and 2.03 
times for isopropanol were reported when employing zeolite 13X instead of an 
ACS with CS2• It was noted that the zeolite method recovered more oxygenate in 
the presence of water than was possible by ACS. Another study of various 
conditions of burnt pine wood was undertaken, concluding that zeolite 13X 
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recovery of methanol, ethanol, isopropanol and acetone was superior to that of 
anACS. 
At the time of the first thesis project, recovery results were reported in 
percent increases, such as "a 70% increase in the recovery of acetone versus an 
activated charcoal strip". It was decided later that it was more accurate to report 
the recovery of compared methods as "x times" the given analyte, with x 
denoting the ratio of recovery of one adsorbent to another, as in "1.85 times the 
ethanol". Such a statement means to convey that nearly twice the ethanol was 
recovered using zeolite 13X than by using ACS with CS2• The results of the 
current research will be reported by comparing the portion of recovery by 
method used, in percent. For example, "70% of the acetone that was detected was 
recovered by zeolite 13X with MeOH" . This statement does not suggest a 70% 
recovery of the acetone spiked for that sample; instead, it describes the 
sorbent/ solvent combination that was responsible for the major portion of 
acetone recovery when the acetone peak areas were summed (e.g. the acetone 
peak area for zeolites with MeOH was 700,000 area counts while for ACS with 
cs2 it was 300,000 area counts). In this way, the experimental data for each study 
was semi-quantitatively evaluated, and limits of detection and quantitation were 
neither established nor reported. 
1.7. Oxygenates 
Expanding upon the work of previous researchers, this project examined 
in detail five oxygenates of interest. The compounds range in molecular weights 
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from approximately 46.07 g/mol (ethanol) to 74.12 g/mol (1-butanol)42• 
Molecular weight, along with the coefficients of thermal expansion, boiling 
points, and vapor pressures for all the utilized oxygenated ILs and principle 
solvents are included in Table 3. 
The coefficient of thermal expansion describes a fractional change in the 
volume of a liquid with temperature, in this case one degree Celsius. A large 
coefficient of expansion means the volume of the substance changes strongly 
with temperature change43• 
As a liquid volatilizes in a closed container such as a paint can, it is 
confined to the headspace. Some molecules will condense and return to the 
liquid phase, while others continue to enter the gas phase. These two processes 
continue until equilibrium is reached, in which molecules leave the liquid phase 
at the same rate others return to it. The vapor pressure of a pure substance refers 
to the pressure at which the vapor is in equilibrium with the liquid43• The values 
in Table 3 are for 20°C, approximately room temperature. In passive headspace 
concentration, the samples are heated to approximately 85-90°C. Recalling the 
ideal gas law, temperature is directly proportional to pressure and volume44: 
PV = nRT Equation 1 
Since pressure increases with respect to temperature, it is understood that each of 
the values listed in Table 3 for vapor pressure increase as they are heated. At 
85°C, acetone would continue to have the greatest vapor pressure, followed by 
ethanol, isopropanol, 1-propanol, and 1-butanol. In an enclosed container, vapor 
pressure is in equilibrium. The amount of a particular oxygenate volatilized 
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within the headspace will be dictated by its vapor pressure at a given 
temperature. Compounds such as 1-butanol and 1-propanol, with lower vapor 
pressures at 5.0 and 18.8 mmHg at 20°C respectively, are expected to adsorb onto 
surfaces more readily than oxygenates with higher vapor pressures. Thus, one 
would predict these two oxygenates to be recovered most efficiently. It should be 
noted that the vapor pressure is not the sole determinant of adsorption; the 
affinity of the compound for the sorbant surface is also significant. 
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Table 3. Selected tes and solvents 
Molecular Coefficient Boiling Vapor 
Name and Chemical Pressure 
Structure44 Formula 
Weight of Expansion Point 
(mmHgat (g/mol)42 (per °C)45 (OC)42 zooc)45 
Ethanol 
CH3CH20H 46.0684 0.00109 78.4 44.3 
58.0791 0.00143 56.2 185.3 
60.0950 0.00110 97.2 18.8 
60.0950 0.00110 82.4 43.0 
74.1216 0.00094 117.5 5.0 
32.0419 0.00118 64.7 96.0 




Adsorbents used in this thesis were zeolite 13X, obtained from ZeoChem 
L.L.C. (Louisville, Kentucky, USA) with an average particle diameter of 2mm 
and available surface area of approximately 400-800 m2 I g (see Table 2), and 
activated charcoal strips (ACS) from Albrayco Technologies, Inc. (Cromwell, 
Connecticut, USA), which measured approximately 10 mm x 5 mm and had a 
reported available surface area of 1128 m2 I g46• Unwaxed dental floss and paper 
clips were generic products from local CVS Pharmacy and Staples, Inc. stores, 
respectively. Pint, quart and gallon-sized paint cans and pressure lids were 
obtained from Fisher Scientific (Pittsburgh, Pennsylvania, USA). All solvents 
were obtained from Fisher Scientific, Acros Organics (part of Thermo Fisher, 
Waltham, Massachusetts, USA), or Pharmaco-AAPER (Brookfield, Connecticut, 
USA). Please refer to Table 4 for specific source and purity information. Highly 
porous tea bags used to create 13X zeolite packets originated from Teavana 
Corporation (Atlanta, Georgia, USA). 
An Agilent 7890A gas chromatograph system was utilized throughout this 
project, coupled to an Agilent 5975C inert XL EIICI mass selective detector. GC 
separations were performed using an Agilent J&W HP-SMS column, 30 meters in 
length with a 0.25 mm internal diameter and a film thickness of 0.25 urn. The 
carrier gas used was helium. MSD ChemStation® software, version £.02.00.493, 
was utilized for the analysis of chromatographic data. All GC vials, liners and 
caps were obtained from Fisher Scientific. 
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Table 4. Source and purity of chemical solvents 
Chemical Purity Lot Number Company 
Acetone 99.6 082715 Fisher Scientific 
Ethanol 99.9* W1128 Pharmco-AAPER 
Ethyl Acetate 99.9* 082396 Fisher Scientific 
Isopropanol 99.9 B0513708 Acros Organics 
Methanol 99.9 096737 Fisher Scientific 
Methyl ethyl ketone 99.9 104205 Fisher Scientific 
Methyl isobutyl ketone 99.9 071181 Fisher Scientific 
Carbon disulfide 100.0 110433 Fisher Scientific 
Acetic acid 100.1 A0251874 Acros Organics 
n-Butyl chloride 99.99 076615 Fisher Scientific 
Methylene Chloride 99.9 063151 Fisher Scientific 
n-Pentane 99.7 A015980507 Acros Organics 
1-Butanol 99.9 073578 Fisher Scientific 
1-Propanol 99.95 0812699 Acros Organics 
* 
. . .. 
Indicates punty not venfied by manufacturer Certificate of Analysts. 
2.2. Zeolite 13X Methodology Development 
2.2.1. Adsorbent Media Construction 
Following the procedure introduced by St. Pierre, zeolite packets were 
created by placing an approximately equal quantity of 13X into the lower 2 to 3 
inches of a Teavana brand loose tea bag. Since the diameter of the zeolites varied 
widely around the 1.58 mm average32, quantity of the zeolites was determined by 
weight, providing for a more consistent 13X measure. Approximately 509-512 
mg, or approximately 64 individual particles or "beads", of zeolite 13X were 
added to each tea bag. The bag was then pierced through the center by a paper 
clip tied to a length of unwaxed dental floss. For heated headspace concentration, 
the zeolite packet was hung in the headspace of the sample can. 
ACS were cut approximately in half using a sterile razor, each ultimately 
measuring 5 mm x 5 mm and weighing approximately 39.9 mg. They were each 
pierced with a paper clip, and tied to a length of unwaxed dental floss. For 
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heated headspace concentration, the ACS was hung in the headspace of the 
sample can. 
For some test situations, it was desirable to utilize both ACS and zeolites 
in tandem. In these cases, the adsorbents were prepared individually as just 
described, and suspended together during the extraction process. See Figure 4. 
Successful recovery of analytes in heated passive headspace concentration 
depend upon both the ability to adsorb molecules onto the sorbent medium, as 
well as the ability to desorb them into the desorption solvent. Adsorption itself is 
dependent upon a number of factors, including analyte concentration, available 
surface area of adsorption media, and analyte affinity for the adsorption 
medium. It is therefore necessary to discuss in some detail how the used 
quantities of ACS and zeolite 13X compared in terms of available surface area. 
With the reported ACS surface area value of 1128 m2 I g, and the known 
weight of a half ACS to be 39.9 mg or 0.0399 g, the available surface area per half 
carbon strip was determined to be approximately 45 m2• Each 13X packet 
contained approximately 509-512 mg, or 0.5 g of zeolite 13X, with a reported 
surface area value of approximately 403-807 m2 I g. The available surface area per 
total zeolite packet was then determined to be approximately 205-413 m 2, up to 
nearly ten times that of a half ACS. 
The data reported throughout the subsequent research studies should be 
received with this difference borne in mind. Again, zeolite quantity per teabag 
was determined by weight, so the adsorbent packets were constructed with 
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better consistency of available surface area than would have been possible by 
counting the individual13X particles that vary greatly in size. 
Activated 
~I Strip 
Figure 4. Heated passive headspace extraction utilizing ACS, zeolites, or both. 
2.2.2. Identification of a Desorption Solvent 
To begin this project, a suitable solvent needed to be identified with which 
to desorb zeolite 13X throughout the studies performed. Previous studies by St. 
Pierre reported that the use of methyl ethyl ketone (MEK) was successful for the 
recovery of acetone from the zeolite adsorption medium35• Additionally, 
Gugliotta reported using MEK for desorbing zeolites from samples containing 
ethanol, acetone, and methanol, but that samples containing isopropanol were 
desorbed with methanol41 • 
At the start, four oxygenates were identified as intended analytes of 
interest: methanol, ethanol, acetone, and isopropanol. A standard solution was 
created by mixing 500 uL of each oxygenate. Twenty quart-sized paint cans were 
labeled and a clean Kimwipe was placed within each. The Kimwipes were then 
spiked with 10 uL of the volatile standard mixture and an adsorption set-up was 
27 
suspended within the headspace of each can. Ten cans were run with 64-zeolite 
bags, and ten with half ACS. All twenty cans were heated for 4 hours at 
approximately 85°C in a temperature-controlled oven. One of each kind of 
adsorption medium was subsequently desorbed for 10 minutes on a rocker in 500 
uL of acetic acid, ethyl acetate, n-pentane, methyl isobutyl ketone (MIBK), 1-
butanol, n-butyl chloride, methylene chloride, methanol (MeOH), carbon 
disulfide (CS2), or MEK. A portion of each solvent extract was then transferred to 
a GC vial for analysis. It is recognized that a single sample per solvent could not 
be considered a valid experimental setup, however, this procedure was intended 
as a cursory screening step only. From the data generated, solvents that appeared 
promising for the application at hand would be identified. 
Manual integration of the resulting GC peaks was performed in triplicate. 
At this point in the research project, analytes were closely co-eluting and 
integration was performed manually to ensure consistency. Later studies, 
conducted after the parameters had been optimized, were integrated via the 
Auto Integration feature. The means were calculated and the three solvents that 
presented the highest average recovery were compared again. The above 
procedure was repeated in triplicate to compare the performance of MEK, MIBK, 
and MeOH to recover oxygenates of interest from zeolites to that of CS2 to 
recover oxygenates of interest from the ACS. 
It was learned that MeOH as a solvent produced the greatest recovery of 
ethanol, acetone and isopropanol (the recovery of MeOH as an analyte could not 
be compared). MEK had nearly comparable recovery, however, acetone peaks 
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were evident in all blanks associated with the solvent. Such an occurrence would 
result in biased recovery data for acetone, so it was determined that MEK would 
be unsuitable for future analyses. All additional examinations utilized MeOH as 
the desorption solvent for zeolite 13X. At this time, the oxygenates of interest 
were expanded to ethanol, 1-propanol, 1-butanol, isopropanol, and acetone. 
2.2.3. Development of GC/MS Run Parameters 
Previous research by St. Pierre and Gugliotta applied the same GC/MS 
run method called "Acetone5Scan.M" to their zeolite studies. It was designed for 
optimal recovery of a specific oxygenate, acetone. To determine its applicability 
to the analytes of interest in this study, a standard mixture of equal volumes of 
methanol, ethanol, isopropanol, acetone and ethyl acetate in methyl ethyl ketone 
(the solvent used by St. Pierre and Gugliotta) was created and run using 
Acetone5Scan.M. The resulting chromatography showed near-baseline 
resolution of MeOH, but troublesome co-elution of acetone and isopropanol 
unresolved from ethanol, and ethyl acetate unresolved from the solvent MEK. 
The Acetone5Scan.M method was a five minute, 50°C isothermal run. 
Since all of the oxygenates within the standard mixture were 
distinguishable though not resolved, a few alterations to the chromatographic 
settings were made. The sequence was reattempted with a four minute 40°C 
isothermal method with better separation of acetone from isopropanol. 
Ultimately, as discussed in the previous section, MeOH became the solvent, 
which was even more suitable because baseline resolution could be obtained 
between it and the next compound to elute, ethanol. The Biomedical Forensic 
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Sciences laboratory had two standard GC I MS run methods for chromatography 
of petroleum-based ignitable liquid products already in use, and these too were 
reviewed. In the end, promising features of both parameter sets were fused to 
create the final GC/MS run method, referred to as EmArsonl.M, seen in Table 5. 
























This method featured a 30 minute total run time, including a four minute 
isothermal segment at 40°C, followed by a temperature ramp of 10°C per minute 
to a final hold time and temperature of two minutes at 280°C. The sample was 
introduced to the 30 meter column via a 1:20 split injection of 1 uL. The 
quadrupole mass analyzer was programmed to run in scan mode between 31 
and 350 amu. When performing studies to determine a suitable desorption 
solvent, CS2 was used as the GC/MS solvent wash; subsequent tests, wherein 
MeOH was no longer an analyte of interest, used MeOH as the solvent wash. 
Two additional versions of the method were created with the added 
feature of turning the MS detector off during the elution of solvent peaks CS2 and 
MeOH: EmArson1CS2.M and EmArson1MeOH.M, respectively. 
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Finally, when performing studies that examined recovery of oxygenates 
only, the full 30-minute run was superfluous. Abbreviated methods were thus 
used, wherein only the isothermal portion of the run and detector events were 
included: EmArsonllsoCS2.M and EmArsonllsoMeOH.M. See Table 6. 
Table 6. Additional GC/MS run methods derived from EmArsonl.M method 
(outlined in Table 5) 
EmArsonlCS2.M EmArsonlMeOH.M EmArsonllsoCS2.M EmArsonllsoMeOH. 
M 
Timed events: Timed events: Timed events: Timed events: 
Detector off: 1.98 min Detector off: 1.60 min Detector off: 1.98 min Detector off: 1.60 min 
Detector on: 2.15 min Detector on: 1.82 min Detector on: 2.15 min Detector on: 1.82 min 
Run length: 30 min Run length: 30 min Run length: Run length: 
First 4 min only First 4 min only 
2.2.4. Oven Temperature and Heating Time Determination 
Studies were performed to identify the ideal oven temperature and length 
of heating time at which the most efficient recovery of oxygenates of interest 
could be obtained. 
In the first study, the five oxygenates were spiked in 50 uL quantities into 
nine quart-sized paint cans each containing a clean Kimwipe, so that each can 
was spiked with one oxygenate. In six cans per oxygenate (and in one negative 
control can), a half ACS was suspended within the headspace of the can, while 
packets of 13X were suspended within the remaining three cans per oxygenate 
(plus one negative control can). All cans were heated in a temperature-controlled 
oven at approximately 120°C for 2 hours. After heating, the zeolites and one set 
of ACS were desorbed in MeOH, while one set of ACS was desorbed in CS21 for 
approximately 15 minutes on a rocker. Extracts were transferred to GC sampler 
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vials and analyzed on the GC I MS using the EmArsonllsoMeOH.M or 
EmArsonllsoCS2.M methods depending on the desorption solvent. 
This procedure was repeated three additional times, changing only the 
oven temperature. Extractions at 60, 80, and 100°C were also performed. The 
resulting chromatographic peaks were auto-integrated via the "Auto Integrate" 
feature and compared. 
The second study sought to identify an ideal length of heating time for the 
greatest recovery of the oxygenated analytes. If a similar level of recovery could 
be obtained after a 16-hour incubation as a 2-hour incubation, for instance, it 
would suggest that an analyst could decrease the run time for their extraction, or, 
conversely, put samples in the oven for extraction at the end of a workday and 
retrieve them for desorption the next morning. 
Twenty-one cans each were spiked with 50 uL ethanol, 1-propanol, 1-
butanol, isopropanol or acetone, and zeolite packets were suspended within the 
headspace of each. Cans were heated for 2, 4, 8, 12, 16, 20 or 24 hours at 
approximately 80°C. This amounted to triplicate samples per length of time per 
oxygenate of interest, plus one 24-hour negative control. Samples were all 
desorbed in MeOH for approximately 15 minutes on a rocker, and subsequently 
analyzed via the EmArsonllsoMeOH.M method. The resulting chromatographic 
peaks were integrated and compared. The user set a baseline threshold for 
detecting analyte recovery (an area of 100,000 area counts). Any peak areas 
below this number were considered negligent relative to the peak areas of major 
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compounds within the chromatograms. This threshold was utilized for all 
remaining experiments. 
Analysis of the data from both studies suggested an ideal extraction 
temperature of 85-90°C and that a 2-hour extraction time was appropriate for 
efficient oxygenate recovery. A subsequent study was performed using both 
optimized parameters. In six cans per oxygenate (and in one negative control 
can), a half ACS was suspended within the headspace, while 13X packets were 
suspended within three additional cans per oxygenate (plus one negative control 
can). The cans were heated for 2 hours at approximately 85-90°C, before the 
zeolites and a set of ACS were desorbed in MeOH and the final set of ACS were 
desorbed in CS2• After 15 minutes on the rocker, the extracts were transferred to 
GC vials for analysis via EmArsonllsoMeOH.M or EmArsonllsoCS2.M. 
2.2.5. Desorption Time Determination 
After identification of a suitable desorption solvent, the optimal time of 
passive desorption was investigated. For each of five desorption times (2, 5, 10, 
15, and 20 minutes), 50 uL of ethanol, 1-propanol, 1-butanol, isopropanol or 
acetone was spiked into a quart-sized paint can. Zeolite packets were suspended 
within the headspace of each can, plus one negative control can that was not 
spiked. All samples were heated in a temperature-controlled oven for 2 hours at 
approximately 85-90°C, before desorption in MeOH for the specified time on a 
rocker. The negative control was desorbed for 20 minutes. Extracts were 
transferred to GC vials for analysis via EmArsonllsoMeOH.M method. After 
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instrumental analysis, the resulting chromatographic peaks were auto-
integrated, and the results compared. 
2.3. Evaluation of Zeolite 13X Saturation 
Displacement and saturation are phenomena that occur on the surface of 
activated charcoal strips that are well understood and discussed in the 
literature16• To better understand the limit of adsorption, a study was performed 
to identify a point of saturation for the zeolites. Each oxygenate was examined 
individually to account for differences in molecular size and structure. 
Groups of three cans containing clean Kimwipes were spiked with 5, 10, 
25, 50, 100, 250, or 500 uL of ethanol. Into the headspace of each can, and into a 
negative control can, a zeolite packet was suspended. All samples were heated 
for 2 hours at approximately 85-90°C, and subsequently desorbed in MeOH for 
15 minutes on a rocker. This procedure was repeated four more times, once for 
each of the remaining oxygenates. After desorption, sample extracts were 
transferred to GC vials for analysis via EmArsonllsoMeOH.M. Resulting 
chromatographic peaks were automatically integrated and triplicate 
measurements averaged for comparison. 
2.4. Examination of Oxygenate Displacement 
It is a well-understood phenomenon that within petroleum-based 
ignitable liquids, heavier molecular weight components tend to displace lighter 
ones on a charcoal strip during heated headspace concentration. However, at the 
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time of this research, a similar understanding of oxygenated components had not 
been reported. To better understand if such a displacement situation occurs 
similarly with oxygenated compounds, and if so, to what extent, a study was 
designed using ACS as the adsorbent. 
In three quart-sized paint cans per oxygenate, 10 uL of ethanol, 1-
propanol, 1-butanol, isopropanol or acetone was spiked. In another three cans, 10 
uL of all five oxygenates were spiked, a 50 uL total spiked volume. An ACS was 
suspended within the headspace of each can, and they were heated for 2 hours at 
approximately 85-90°C. All samples were desorbed on a rocker for 
approximately 15 minutes in CS2• GC/MS analysis was performed using the 
EmArsonllsoCS2.M method. 
This procedure was then repeated to investigate whether displacement 
occurs on zeolite 13X as well. Samples were prepared identically to those 
described above, except 13X was substituted as the adsorbent and MeOH as the 
desorption solvent. Subsequent GC/MS analysis for these samples was 
conducted using the EmArsonllsoMeOH.M method. 
2.5. Examination of Oxygenate Recovery by Zeolite 13X 
After establishing the optimal parameters with which to perform heated 
passive headspace using zeolites as the adsorption medium, this method was 
compared to the one most currently employed in fire debris analysis. The 
purpose of this study was to determine whether the zeolite method was indeed 
effective in recovering the five oxygenates of interest. Both the ability of the 
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zeolites to adsorb and subsequently desorb the oxygenate compounds and the 
ability of the GC I MS settings to identify the compounds were taken into 
consideration. 
2.5.1. Single-Mode Adsorbent Preparation 
Kimwipes were placed into three quart-sized paint cans, which were then 
each spiked with 10 uL of one of the oxygenates: ethanol, 1-propanol, 1-butanol, 
isopropanol or acetone. A zeolite packet was suspended within the headspace of 
each can, and the samples were heated for 2 hours at approximately 85-90°C, 
before being desorbed on a rocker in MeOH for approximately 15 minutes. In the 
next part, the same preparation was made, but an ACS was used as the 
adsorbent in lieu of the 13X packet. Temperature and time within the oven was 
identical, as was the desorption process. All samples were transferred to GC vials 
for analysis via the EmArsonllsoMeOH.M method. 
2.5.2. Dual-Mode Adsorbent Preparation 
It was recognized that an analyst receiving an item of fire debris evidence 
would know neither whether an ILR was present, nor whether any present ILR 
would be petroleum-based or oxygenated in nature. Due to this, it was relevant 
to design the next two experimental sections to examine a dual-mode extraction 
setup, in what will be referred to as "competitive adsorption" studies. That is, the 
affinity of the five oxygenates for a desorption medium when both media were 
present within the same can was investigated. To perform this study, 10 uL of a 
single oxygenate was spiked onto a Kimwipe within three quart-sized paint cans 
per analyte: ethanol, 1-propanol, 1-butanol, isopropanol or acetone. Both a 13X 
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packet and an ACS were suspended within the headspace of each can. The 
samples were heated for 2 hours at approximately 85-90°C before desorption in 
MeOH on a rocker for approximately 15 minutes. The procedure was then 
repeated changing only the desorption solvent for the next set of samples: the 
zeolites were desorbed in MeOH while the ACS was desorbed in CS2• All 
samples were transferred to GC vials for analysis via EmArsonlisoMeOH.M or 
EmArson1IsoCS2.M, for samples desorbed in MeOH or CS21 respectively. 
For each part of the study, chromatographic peaks were integrated via the 
Auto Integrate feature, their triplicate values averaged, and compared. 
2.6. Examination of Diesel and Gasoline Recovery by Zeolite 13X 
To understand the applicability of zeolite 13X to recovering petroleum-
based IL products, a study was performed to compare the recovery of 
components of diesel and gasoline by 13X to the recovery of the same 
components by ACS. Using these two ILs, it was possible to span light through 
heavy compounds, including various straight chain, branched and cycloalkanes, 
aromatics, and naphthalenes. 
2.6.1. Single-Mode Adsorbent Preparation 
To begin with, 10 uL of diesel was spiked onto Kimwipes within three 
clean quart cans. In three more cans, 10 uL gasoline was spiked. Zeolite packets 
were suspended within the headspace of each, and the samples were heated at 
approximately 85-90°C for 2 hours. The samples were desorbed in MeOH on a 
rocker for 15 minutes and transferred to GC vials for analysis via 
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EmArson1MeOH.M method. The above procedure was repeated a second time, 
substituting an ACS as the adsorbent medium in lieu of the zeolite packet. A 
third trial of the procedure was performed also using a half ACS as the adsorbent 
medium, but desorption was performed with CS2• This round of samples was 
analyzed using the EmArson1CS2.M method. 
2.6.2. Dual-Mode Adsorbent Preparation 
The next two experimental sections examined competitive adsorption of 
components of diesel and gasoline for a desorption medium when both were 
present within the same can. To perform this study, a set of three quart-sized 
paint cans containing Kimwipes was spiked with 10 uL of diesel. A second set of 
cans was spiked with 10 uL of gasoline. Both a zeolite packet and an ACS were 
suspended within the headspace of each can. The samples were heated for 2 
hours at approximately 85-90°C before desorption in MeOH on a rocker for 
approximately 15 minutes. The procedure was then repeated changing only the 
desorption solvent for the next set of samples. The 13X was desorbed in MeOH 
while the ACS was desorbed in CS2• All samples were transferred to GC vials for 
analysis via EmArsonliMeOH.M or EmArson1 CS2.M, for samples desorbed in 
MeOH or CS21 respectively. 
Peaks of interest were integrated in the resulting chromatograms using 
the Auto Integrate feature. Peak areas pertaining to n-dodecane, n-pentadecane, 
and pristane for the diesel profiles, and toluene, p-xylene, and 1,2,4-
trimethylbenzene within the gasoline profiles, were recorded. As the samples 
were run in triplicate, the areas were averaged and subsequently compared. 
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2.7. Examination of Complex Adsorption Scenarios 
Once again, in forensic applications, an analyst does not know upon 
receiving an item of fire debris whether there is one, more, or no ILR(s) present. 
As such, it was desirable to examine the performance of zeolite 13X as an 
adsorption medium in complex situations, to simulate the scenario of more than 
one IL present in a sample. 
2.7.1. Single-Mode Adsorbent Preparation 
In the first study, 10 uL of ethanol, 1-propanol, 1-butanol, isopropanol and 
acetone were spiked onto a Kimwipe in three quart-sized paint cans, a 50 uL total 
volume of oxygenates per can. A zeolite packet was suspended within the 
headspace and the samples were heated for 2 hours at approximately 85-90°C. 
After heating, the samples were desorbed in MeOH for approximately 15 
minutes on a rocker, and then transferred to GC vials for analysis via 
EmArsonllsoMeOH.M followed by EmArson1MeOH.M, both the isothermal 
and full30-minute chromatographic methods. Next, the procedure was repeated 
substituting an ACS in lieu of the zeolite packet; heating and desorption 
remained constant, though the samples were analyzed using only 
EmArsonllsoMeOH.M. Third, the procedure was repeated yet again, using an 
ACS as an adsorption medium and CS2 as the desorption solvent. This third 
round of samples was run using EmArsonllsoCS2.M. 
In the next study, samples were spiked with both oxygenates and a 
petroleum-based product and recovered with a single adsorption medium. To 
accomplish this, 10 uL of each oxygenate and 10 uL diesel or 10 uL gasoline was 
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spiked onto Kimwipes within three quart-sized paint cans, a total spiked volume 
of 60 uL of ILs per can. A zeolite packet was suspended within the headspace of 
each can. Two more sets of samples were prepared similarly, but an ACS was 
suspended within the can headspace. All samples were heated for 2 hours at 
approximately 85-90°C before solvent desorption on a rocker for 15 minutes. The 
first set that utilized zeolite 13X and the second that utilized an ACS were 
desorbed in 500 uL MeOH, while the last set of samples, which also utilized ACS, 
was desorbed in 500 uL CS2• All samples were transferred to GC vials for 
analysis via EmArson1MeOH.M or EmArson1CS2.M depending on the 
desorption solvent used. 
2.7.2. Dual-Mode Adsorbent Preparation 
In the final study, competitive adsorption of oxygenates and diesel, or 
oxygenates and gasoline, was examined while both adsorbents were present 
within the same can. Ten microliters of all five oxygenates and 10 uL diesel, or 10 
uL of all five oxygenates and 10 uL gasoline, were spiked onto a Kimwipe within 
three quart-sized paint cans, for a total spiked volume of 60 uL of ILs per can. 
Both a zeolite 13X packet and a half ACS were suspended into the headspace of 
each can, before heating the samples for 2 hours at approximately 85-90°C. The 
zeolites were then desorbed in 500 uL MeOH for 15 minutes on a rocker. 
Subsequent GC analysis was performed using EmArsonlMeOH.M. A second set 
of samples was prepared with consistent spiking, but two half ACS were 
suspended within the can headspace before incubation. Passive desorption of 
both ACS was performed separately, one in 500 uL MeOH and the other in 500 
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uL CS2• After transferring the samples to GC vials, analysis was performed using 
EmArson1MeOH.M and EmArson1CS2.M, respectively. A further set of samples 
was prepared by suspending a zeolite 13X packet and half ACS in each can 
before heating the samples at an equal time and temperature. After heating, the 
zeolites were desorbed in 500 uL MeOH while the ACS was desorbed in an equal 
amount of CS2 for 15 minutes on a rocker. Samples were analyzed using 
EmArson1MeOH.M and EmArson1CS2.M, respectively. 
Peaks of interest were integrated in the resulting chromatograms using 
the Auto Integrate feature. Peak areas pertaining to n-dodecane, n-pentadecane, 
and pristane for the diesel profiles, and toluene, p-xylene, and 1,2,4-
trimethylbenzene within the gasoline profiles were recorded. Additionally, peaks 
which represented any of the five oxygenates were integrated and recorded. As 
the samples were run in triplicate, the peak areas were averaged and 
subsequently compared. 
2.8. Examination of Container Volume and Oxygenate Recovery 
Because forensic fire debris case samples come to the laboratory for 
analysis in packaging other than quart-sized paint cans, it was desirable to 
determine if the size of the sample packaging would affect the recovery of the 
oxygenates of interest. While the ideal gas law stated in Equation 1 could predict 
the behavior of the oxygenate vapor (see: 1.7. Oxygenates), it was still necessary 
to determine whether zeolite 13X performance would be unaffected by changes 
in container size. 
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In three pint, quart and gallon cans, a clean Kimwipe was placed and 
spiked with 10 uL of ethanol. A zeolite packet was suspended within the 
headspace of each can, and the can was sealed. The samples were heated for 2 
hours at approximately 85-90°C, and then desorbed in MeOH for 15 minutes on a 
rocker. Extracts were transferred to GC vials for analysis via 
EmArsonllsoMeOH.M. This procedure was repeated four additional times, for 
1-propanol, 1-butanol, isopropanol and acetone. These sample sets were 
performed separately to reduce crowding in the oven to prevent uneven heating 
of samples. After instrumental analysis, the resulting chromatographic peaks 
were integrated via Auto Integrate, areas averaged, and results compared. 
Single factor, or one-way, analysis of variance (ANOV A) was applied to 
the data generated to determine whether a significant difference in recovery was 
obtained by varying the sample container size. The null hypothesis in this case 
stated that no difference in recovery would be observed for a particular 
oxygenate across varied can size. In contrast, the alternate hypothesis stated that 
the can size would affect the recovery of a particular oxygenate. At a 0.05 level of 
significance the critical value was 5.409. A test statistic equal to or greater than 
the critical value dictated that the null hypothesis be rejected. 
2.9. Forensic Application: Blind Study 
To exhibit the utility of the proposed dual-mode heated headspace 
extraction method, the procedure was applied to a series of forensic-like samples 
prepared in a blind study. 
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A laboratory advisor first transferred quantities of ILs to lettered black-top 
vials A through H and AA through HH, recording which letter corresponded to 
which IL. Single letters corresponded to oxygenated ILs while double letters 
designated ILs derived from petroleum. Only the advisor knew the identity of 
each vial. Within the 16 unknown vials, all eight ASTM classifications were 
represented: gasoline, petroleum distillates, n-alkane products, aromatic 
products, isoparaffinic products, naphthenic paraffinic products, oxygenated 
products, and miscellaneous products. 
Ten quart-sized paint cans were numbered sequentially 1 through 10 and 
a Kimwipe was placed in each. A volunteer was directed to spike 10 uL of zero, 
one, or two ILs randomly into each can, recording which can received which 
IL(s). The volunteer was told only that no two single lettered or double lettered 
ILs could be spiked into the same can, but that one from each set was permitted. 
The volunteer turned their notes over to the laboratory advisor. 
The analyst then prepared the ten samples for dual-mode heated 
headspace extraction, by suspending both a zeolite 13X packet and an ACS 
within each can. Samples were heated for 2 hours at approximately 85-90°C. The 
13X and ACS were desorbed in 500 uL MeOH and 500 uL CS21 respectively, for 
approximately 15 minutes on a rocker. The samples were transferred to GC vials 
for analysis via EmArson1MeOH.M or EmArson1 CS2.M methods. 
The resulting chromatograms were examined. Using pattern recognition 
techniques and mass spectral data, any ILs that appeared to be present in the 
samples were identified by ASTM classification and boiling point range and I or 
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name of the oxygenate. The obtained results were submitted to the laboratory 
advisor for comparison to known values. 
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3. RESULTS AND DISCUSSION 
3.1. Zeolite 13X Methodology Development 
Initial research into using zeolite 13X as adsorption media within fire 
debris analysis began in 2010 by St. Pierre, and continued in 2011 by Gugliotta. 
St. Pierre examined the utility of zeolites in recovering acetone specifically, and 
in doing so, designed a novel methodology for the use of zeolites within the 
field. Gugliotta found that zeolite 13X could be used also to recover ethanol, 
methanol, and isopropanol in heated headspace extraction. Both researchers 
utilized the same general procedure: a quantity of 64 zeolite 13X particles were 
placed within each tea bag, and suspended within the headspace of a sample can 
for 4 hours at approximately 80°C. The zeolites were desorbed on a rocker for 15 
minutes in 500 uL MEK. A 5-minute isothermal GC/MS method was employed 
to best separate oxygenates present. Both researchers had success with these 
method parameters, collectively reporting a consistently higher amount of 
methanol, ethanol, isopropanol, and acetone than could be recovered by the use 
of ACS in heated headspace. 
Data collected by St. Pierre showed efficient recovery with the use of 64 
13X zeolites per adsorbent packet (Figure 5), so this number was adopted for the 
performed studies. An additional advantage of using 64 particles, or "beads", 
was that it was possible to conserve both 13X and solvent, as more zeolites 
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Figure 5. St. Pierre's optimization study depicting the number of zeolite 13X 
beads to use per adsorbent packee5• No further recovery produced by 
increasing particle number past 64 zeolites. Reproduced with permission. 
3.1.1. Identification of a Desorption Solvent 
It was a crucial step to ensure the desorption solvent was optimal for all 
five oxygenated analytes of interest. MEK had been shown to be efficient for 
acetone, however identification of a solvent that could also successfully desorb 
and resolve ethanol and isopropanol was necessary. Initially, nine possible 
solvents were considered and tested for their ability to recover methanol, 
isopropanol, ethanol and acetone: CS21 MEK, acetic acid, MIBK, n-butyl chloride, 
methylene chloride, n-pentane, 1-butanol, and ethyl acetate. Of those nine, only 
four recovered each of the analytes of interest, with limited ability. It was then 
considered that MeOH, as a small oxygenated and polar compound, may be 
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ideal for desorption. Additionally, the pyrolysis of cellulose, a main constituent 
of wood, paper and cotton, yield oxygenated compounds as the main pyrolysis 
products47• Since MeOH is encountered frequently in fire debris samples as a 
byproduct of wood pyrolysis, it is alone less probative, and could serve well as a 
desorption solvent. 
The recovery of ethanol, isopropanol and acetone using zeolite 13X with 
MeOH was compared to recovery of them using other desorption solvents. For 
2.5 uL spiked, the combination of 13X and MEK produced a chromatographic 
peak for isopropanol with an average area of approximately 500,000 area counts, 
while MIBK produced an isopropanol peak with an average area of 300,000 area 
counts. In contrast, MeOH desorption produced a chromatographic peak for 
isopropanol with an average area of 3 million area counts, nearly ten times 
greater than MIBK. 
Recovery of oxygenates with zeolite 13X and MeOH (Z/MeOH) was then 
compared to recovery using ACS and CS2 (ACS/CS2) and using ACS and MeOH 
(ACS/MeOH). Both Z/MeOH and ACS/MeOH showed significant 
improvement in oxygenate recovery; MeOH was thus chosen and used for the 
remainder of the experiments in this project (Figure 6). It was at this time that 1-
propanol and 1-butanol were added to the list of oxygenated analytes of interest, 
and both were amenable to desorption by MeOH. Examining the effectiveness of 
ACS/MeOH was a desirable test as laboratories may use a polar solvent with 
ACS to recover polar compounds. For this project, it was necessary 
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Figure 6. Results of desorption solvent study, depicting oxygenate recovery 
associated with the use of methyl ethyl ketone (top), methyl isobutyl ketone 
(middle), and methanol (bottom). Note they-axes of the graphs are not equal, 
and methanol produced the greatest overall recovery. 
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to know whether the proposed zeolite method could provide as good or better 
results than that simple substitution. 
3.1.2. Oven Temperature and Heating Time Determination 
The temperature at which a sample is heated and the length of heating are 
crucial factors that affect IL recovery. ASTM E1412 suggests heating samples "to 
a temperature of 50 to 80°C, for 2 to 24 h" using activated charcoal24• This 
guideline is a wide range, and of course intended for use with ACS as the 
adsorbent. It was thus necessary to determine a suitable heating temperature for 
heated headspace with zeolite 13X, as well as how long heating should occur. 
Ideally, the ASTM recommendations would be suitable for zeolite use as well, as 
then alterations required to assimilate 13X use into forensic procedures would be 
minimal. 
Newman et al. performed a series of studies to best understand time and 
temperature effects on ACS within heated headspace16• It was reported that for 
low-weight ILs, lower temperatures and shorter incubation periods or a larger 
adsorbent are most efficient and reduce the chance of displacement. For heavier 
ILs, higher temperatures of incubation for longer periods of time were necessary 
to volatilize heavier components of the ILR into the headspace for interaction 
with the activated charcoal. It was thus hypothesized that for the use of zeolite 
13X to recover oxygenated ILs, higher temperatures would result in loss of 
analyte, and decreased oxygenate recovery. Similarly, it was presumed that as 
the length of heating was increased, the recovery of the analyte would decrease. 
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A study was performed in which an equal amount of oxygenate was 
spiked into a series of cans, which were heated at 60, 80, 100, or 120°C for a 
constant 2 hours. A second study was prepared similarly, but the samples were 
heated at a constant 80°C for 2, 4, 8, 12, 16, 20, or 24 hours. Both sets of samples 
were desorbed and analyzed identically. 
Data collected from the temperature study was contrary to prediction. 
Rather than decreasing as temperatures increased, recovery of oxygenates 
improved using 13X. In fact, the greatest recovery for ethanol, 1-propanol, and 1-
butanol was obtained at 120°C. Unfortunately, it would not be prudent to 
perform heated headspace at such a temperature. Though oxygenates were not 
negatively affected by such a high temperature, other petroleum-based 
compounds may be. For instance, lighter components of gasoline tend to be lost 
when heated at temperatures higher than 90°C, the maximum recommended by 
AST~4• Additionally, water may be present in fire debris samples. Water is a 
logical component if fire suppression efforts were made at the scene. If there is 
water present, it will boil at 100°C creating unstable pressure within the sample 
can, increasing the chance of can rupture and sample loss. For these reasons, 85-
900C incubation temperature was decided upon, allowing for a relatively high 
temperature with which to recover oxygenated ILs, without risking destruction 
of the sample. A series of samples was prepared using zeolite 13X and heated at 
85-90°C for 2 hours. Chromatographic data showed a considerable increase in 
recovery when compared to ACS I CS2 (see Figure 7). 
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Figure 7. Oxygenate recovery obtained after heating samples for two hours at 
approximately 85-90°C. 
Results associated with the time study varied widely. This was attributed 
to the fact that not all of the samples were run on the same day. The oven with 
which heating was performed had a capacity of 32 quart cans. However, when 
the oven was filled, it was unlikely that even heating of the samples could be 
obtained within the shorter incubation periods. As such, the samples were run in 
multiple batches. To eliminate possible outliers, a Q-test was performed. 
The critical value for Q (Qcv) was found within a table to be 0.568 for a 
95% confidence interval48• The Q test statistic (QT) was calculated using the 
formula: 
QT = I (Suspect Value- Nearest Value) I 
(Highest Value- Lowest Value) 
Equation 2 
The Q-test dictates that if a QT is greater than the Qcv' the suspect value may be 
rejected within the given level of confidence. For the data to which the Q-test was 
applied, only one value was rejected, the 12-hour data point for 1-butanot which 
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had a QT of 1.78. As 1.78 is, in fact, greater than 0.568, the data point was rejected 
with 95% confidence. The 12-hour data point for 1-propanol could not be rejected 
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Figure 8. Oven time study, depicting oxygenate recovery associated with 2, 4, 8, 
12, 16, 20, and 24 hours of incubation at 80°C. 
It was found that, in general, the optimal length of heating time was 
dependent upon the specific oxygenate. As seen in Figure 8, 24 hours yielded the 
greatest recovery of ethanol, and 8 hours was optimal for isopropanol. Further, 
the graph for isopropanol showed an approximately equal recovery was possible 
whether heated for 2 or 24 hours, while acetone was recovered approximately 
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equally after 2 or 8 hours of incubation. Since an ideal heating time is one that 
would serve to recover all oxygenates well, the data of all five oxygenates was 
considered, and a minimal heating time of 2 hours was developed. However, 
longer heating times, such as 8-12 hours, could further improve recovery. 
3.1.3. Desorption Time Determination 
Experimentation to identify a suitable desorption time was necessary for 
two reasons. First, it would allow for the greatest possible recovery of the five 
oxygenates of interest. Second, it was desirable to determine whether a shorter 
desorption time than the 15 minutes used by St. Pierre and Gugliotta would still 
provide suitable recovery, reducing time required to perform the entire 
procedure. As such, recovery of ethanol, 1-propanol, 1-butanol, isopropanol, and 
acetone was examined after passive desorption in 500 uL MeOH for 2, 5, 10, 15, 
and 20 minutes. 
It was hypothesized that extending the time of passive desorption would 
allow for greater desorption to occur, and thus result in a positive correlation 
with recovery. The data did not support the hypothesis for any oxygenate. For 
instance, recovery of ethanol increased from 2 to 5 minutes to maximum 
recovery at 10 minutes, then decreased at 15 and 20 minutes. Graphically, the 
recovery for ethanol appears to take on a bell-shaped trend (see Figure 9). 
Similarly, recovery data for 1-propanol showed maximum recovery at 10 and 15 
minutes, while that of 1-butanol suggested 15 minutes provided the best 
recovery. Isopropanol recovery actually decreased from 2 minutes to 5 minutes, 
but a clear maximum recovery was attained after desorption for 10 minutes. 
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Finally, acetone showed little difference between desorption times, though a 
maximum recovery was observed at 5 minutes. To ensure uniformity and 
isolation of variables, the remaining studies completed as part of this project 
were desorbed for the same length of time, 15 minutes. Based upon the data 
collected, it is likely that if a 5 to 10 minute desorption time was utilized, 
recovery of all oxygenates but 1-butanol may be further improved. 
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Figure 9. Results of desorption time study, depicting the recovery of each 
oxygenate at various desorption times using zeolite 13X and MeOH. A 
different length of time for each oxygenate appeared to produce a maximum 
recovery. 
The desorption study was run a single time only, rather than in triplicate, 
so the data may not be fully representative. That said, one still asks why 
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increased desorption time did not result in increased recovery as predicted, and 
rather tended to decrease (with the exception of acetone). It may be that the 
oxygenated molecules, after adsorbing onto zeolite 13X behave like salt in water. 
That is, perhaps the analyte molecules move from areas of high concentration to 
low concentration within the desorption solvent. While desorbing, ethanol for 
instance disassociates from the zeolite and enters into the solvent. However, after 
an extended length of time, it is possible that the solution becomes highly 
concentrated with ethanol, and the analyte molecules begin to move again to an 
area of lower concentration, returning to the 13X pores. Longer desorption times 
would thus result in less recovered analyte. It would be prudent to conduct 
further experimentation in this area to examine the reproducibility of these 
results. 
3.2. Evaluation of Zeolite 13X Saturation 
In a 1996 paper by Newman et al., it was observed that activated charcoal 
strips had the tendency to become saturated with a standard accelerant mixture 
(kerosene, diesel and gasoline). As saturation occurred, displacement became 
apparent, and smaller compounds would be lost as larger compounds adsorbed 
to the strip, indicating that displacement was "at least in part, a function of the 
capacity of the strip"16• It was desirable, therefore, to determine whether a similar 
saturation occurs with zeolites, and if so, at what volume of IL. 
A set number of zeolite 13X (64 particles per packet) was utilized in a 
series of samples of varied volumes of spiked oxygenates. The recovery of each 
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analyte was recorded for 5, 10, 25, 50, 100, 250 and 500 uL. It was predicted that 
data would support an increase in oxygenate recovery as the amount spiked was 
increased, to a point at which no further increase would be possible. A plateau 
was expected. 
A plateau was not observed for all five oxygenated compounds, evident in 
Figure 10. A parabolic trend line on each graph shows that two of the five 
oxygenates, 1-butanol and isopropanol, appear to saturate the zeolites at 
approximately 250 uL. However, for the remaining three ILs, it appears that the 
point of saturation was not yet reached even at a volume of 500 uL. The trend 
lines for ethanol, 1-propanol, and acetone show a potential for further increase, 
suggesting the need to extend the study to include greater spiked volumes, such 
as 750 uL and 1 mL. 
The data bears inquiry into why two ILs appeared to saturate the zeolites 
while the other three did not. It may be hypothesized that the molecular weight 
and varied structures of the compounds could have affected adsorption. For 
instance, 1-butanol is the largest oxygenated compound examined in this study. 
As such, it would take fewer molecules of 1-butanol to "saturate" a quantity of 
zeolite 13X, adsorbing to both the surface and inner channels, than it would for a 
smaller compound like ethanol. Similarly, the difference of two hydrogen atoms 
(H) between acetone and isopropanol can conceivably increase the molecular size 
of isopropanol significantly. The oxygen atom (O) of the ketone is double bonded 
to the central carbon atom (C) in acetone, creating a shorter bond length, and a 
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Figure 10. Results of saturation study, depicting the recovery of various 
volumes of each oxygenate using zeolite 13X with MeOH. Zeolites appear to 
have become saturated at 250 uL of 1-butanol and isopropanol, however it 
appears that 13X could continue to recover additional volumes of ethanol, 1-
propanol, and acetone. 
isopropanol is not only longer, but the added H atom lengthens the molecule 
further. It may be possible that isopropanol requires relatively fewer molecules 
to saturate the given number of zeolites. One may expect 1-propanol then to also 
have reached a similar plateau as isopropanol within this concentration series. In 
Figure 10, it appears as if this would occur had the study been continued into 
larger spiked volumes. It is predicted that by extending the graphs further, one 
would observe the limit of adsorption reached in the form of a plateau in 
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recovery, for 1-propanol first, as the volume is increased, acetone reached 
second, and ethanol reached last. 
As mentioned previously, a forensic analyst has no knowledge of whether 
a sample contains an IL, or how much is present, prior to testing. Due to this, a 
sample may be encountered that is highly concentrated, making it a challenge to 
interpret. At concentrations of ILs higher than these, zeolite 13X may become 
saturated and unable to detect trace quantities of secondary compounds present 
in a fire debris sample. Data from this study suggest that samples containing up 
to 500 uL of ethanol, 1-propanol, and acetone, and volumes up to 250 uL of 
isopropanol and 1-butanol, can be evaluated by the zeolite method. 
3.3. Examination of Oxygenate Displacement 
The trend of displacement of lower weight molecules by higher weight 
molecules on the surface of an ACS is an issue many of these studies have taken 
into account. Though ACS was known to be prone to displacement for petroleum 
based ILs, it was desirable to learn whether oxygenated ILs behaved similarly, on 
both ACS and zeolite 13X. As zeolites are new to the field of fire debris analysis, 
they have not yet been studied to identify whether similar displacement occurs 
with their use in heated passive headspace extraction. A set of samples were 
prepared in which 10 uL of each oxygenate was spiked into separate cans, so that 
each can contained a single analyte. The same volume of all five oxygenates was 
then spiked into another set of cans, 50 uL total in each can. Samples were 
extracted using ACS/CS2 and Z/MeOH. 
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If displacement were to occur, one would predict lighter weight 
oxygenates, ethanol and acetone, to be reduced in recovery when all oxygenates 
are present. With that, the recovery of 1-butanol and isopropanol would be 
expected to stay relatively high, by displacing the low-weight compounds. [Note: 
1-propanol co-eluted with CS2 so recovery of that oxygenate was not observed.] 
It would be expected that no oxygenate, when competing with others in the same 
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Figure 11. Results of displacement study, depicting the recovery of various 
volumes of each oxygenate using ACS/CS2• The darkly-shaded columns 
represent recovery from cans containing a single oxygenate, while lightly-
shaded columns represent recovery from cans containing all five oxygenates. 
Figure 11 shows the results from the displacement study using ACS / CS2. 
The data seemed to reasonably corroborate the hypothesis for displacement. 
Recovery of ethanol and acetone was reduced, the latter significantly, and 1-
butanol and isopropanol were recovered well. However, levels of 1-butanol and 
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isopropanol from the "all oxygenates" samples exceeded those observed from 
spiking a single oxygenate. One hypothesis for why this trend is observed bears 
in mind that 1-butanol has a partially non-polar molecular structure, which could 
allow greater interaction with the non-polar ACS than other oxygenates. 
Additional tests, perhaps ones which isolate the adsorption and desorption 
processes, would be required to better understand how oxygenates adsorb to the 
ACS, and which physical forces take place. 
When examining the data for 13X and MeOH in Figure 12, one must keep 
in mind that the same amount of adsorbent was present in each can though the 
amount spiked varied. Dark blue bars represent 10 uL of oxygenate spiked and 
light blue bars represent 50 uL spiked, composed of 10 uL of each oxygenate. 
Significantly better recovery of oxygenates would be predicted when only one is 
present in a can, though both preparations appear to have permitted 
approximately equal recovery for 1-propanol, 1-butanol and isopropanol. 
Acetone recovery resembled more of an expected condition, with recovery 
significantly higher for a single oxygenate present than when multiple 
oxygenates were within the same can. Clearly, having more than one IL present 
elicited a decrease in acetone recovery. However, whether it was due to 
displacement, less available zeolite surface area with which to interact when all 
oxygenates were present, or because it was the only ketone examined and 
therefore exhibited a different affinity for 13X, is still uncertain. It was 
remarkable that when all five oxygenates were present, ethanol recovery nearly 
doubled compared to recovery levels for the single oxygenate. Since ethanol is 
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Figure 12. Results of displacement study depicting the recovery of various 
volumes of each oxygenate using Z/MeOH. The darkly-shaded columns 
represent recovery from cans containing a single oxygenate, while lightly-
shaded columns represent recovery from cans containing all five oxygenates. 
The reduction of recovery for 1-propanol, 1-butanol and isopropanol, 
albeit minimal, may be attributed to the fact that multiple compounds competed 
for adsorption to the zeolites. Ethanol recovery presented the greatest challenge 
to interpret. Further studies are necessary to understand why it increased when 
multiple oxygenates were present when the same volume of ethanol was spiked 
in both sample preparations. Collectively, data from this study are not sufficient 
to prove or disprove a hypothesis of displacement for oxygenates on zeolite 13X, 
however, it does present a body of knowledge that can serve as a starting point 
for future 13X displacement investigations. 
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3.4. Examination of Oxygenate Recovery by Zeolite 13X 
3.4.1. Single-Mode Adsorbent Preparation 
As explained in the introduction, the most commonly used method of 
sampling ILRs from fire debris samples in the field is heated headspace with the 
use of a single adsorbent, a non-polar ACS, with CS2 as a desorption solvent, 
ACS I cs2. That method was compared to the single-mode zeolite 13X method, 
ZIMeOH, to determine whether any advantage may be found when recovering 
oxygenated ignitable liquids. It was recognized that by changing both the 
adsorbent and the solvent, there would be more than one variable in the study. 
Additionally, it was proposed that the use of a polar desorption solvent with 
ACS, ACSIMeOH, would be a slight change that could improve recovery of 
also-polar analyte compounds. 
For these reasons, three sets of samples were run. Each oxygenate was 
spiked into separate quart cans and extracted using ZIMeOH, ACSIMeOH, or 
ACS I CS2• One may observe in Figure 13 that both adsorbents recovered all five 
oxygenates rather well when desorbed in MeOH. It may be noted that although 
the combination ACSIMeOH recovered all five oxygenates, ZIMeOH recovered 
approximately double the amount of ethanol and isopropanol, and nearly double 
the 1-propanol and 1-butanol. Recovery of acetone was improved the least, but 
still showed an approximated 33% improvement using 64 zeolite 13X particles 
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Figure 13. Oxygenate recovery obtained by single adsorbents: zeolites with 
MeOH compared to ACS with MeOH. For all five oxygenated ILs, the greatest 
recovery was obtained by the zeolite method. 
Figure 14 readily depicts the effectiveness of Z/MeOH compared to the 
current ACS I CS2 protocol. Recovery of 1-butanol was more than doubled, and 
ethanol, isopropanol and acetone approximately tripled by using 13X. Another 
consideration is that 1-propanol and CS2 co-elute. Due to this, if a MS detector is 
turned off during solvent elution, as is conventionally done to extend the life of 
the filament, 1-propanol cannot be detected by current methods that employ CS2• 
Data from this study suggest that using ACS/MeOH may certainly 
increase recovery of oxygenated ILs from fire debris samples. It is a feasible and 
fast alteration to current laboratory protocol to use a full ACS in heated 
headspace extraction, and then cut it in half to desorb the halves separately in 
CS2 and MeOH. However, it has been shown that utilizing 64 zeolite 13X 
particles results in a greater recovery than is possible with halves of ACS. In 
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cases where trace amounts are present in evidentiary samples, it would benefit 
an analyst to utilize the most sensitive method available. 
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Figure 14. Oxygenate recovery obtained by single adsorbents: zeolites with 
MeOH compared to ACS with CS2• For all five oxygenated ILs, the greatest 
recovery was obtained by the zeolite method. 
3.4.2. Dual-Mode Adsorbent Preparation 
Once again, in practical scenarios, an analyst does not know whether or 
not an ILR may be present in a piece of fire debris evidence, and therefore, 
cannot know before testing what it is. An analyst's only preliminary clue would 
be gathered via an olfactory observation, which is discouraged in modem 
laboratories49 for safety reasons. As such, whether to use ACS/CS2 or Z/MeOH is 
a choice that may not be effectively made. 
For this reason, it was desirable to learn whether both adsorbents could be 
suspended within the same can and desorbed separately, to a productive end. 
An experiment design featuring two adsorbents simultaneously in a single 
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extraction was referred to as "dual-mode". Quart cans were again prepared each 
with 10 uL of an individual oxygenate and both an ACS and a zeolite 13X 
adsorbent packet. One series of samples was run wherein both adsorbents were 
desorbed in MeOH, and another wherein zeolites were desorbed with MeOH, 
but ACS with CS2• Each extract was run on the GC/MS separately, and the 
oxygenate recovery obtained by each faction was examined. It was hypothesized 
that zeolites would recover the vast majority of oxygenates present in each 
sample can, and minimal recovery would be observed within the CS2 extract, due 
to the greater affinity a polar compound has for a polar surface, such as that of 
zeolite 13X, rather than a non-polar surface, like ACS. 
When examining the dual-mode adsorbent data displayed in the top two 
graphs of Figure 15, results appear similar to those obtained when adsorbents 
were used singly. It is possible to further compare the results by examining the 
recovery attributable to each adsorbent in percent, represented on the y axes as 
"portion recovered by method". A full bar in such graphs represents the total 
amount of analyte recovered as 100%, not to be confused with a 100% recovery of 
spiked analyte. In the lower left graph, one may observe that approximately 70% 
of detected acetone was recovered by Z I MeOH, while the remaining 30% was 
recovered by ACS/MeOH. Even greater percentages of the other four oxygenates 
were obtained by zeolites. These results aligned well with the hypothesis. 
The lower right graph of Figure 15 depicts results from the set of samples 
wherein zeolites and ACS were desorbed in different solvents. One would expect 
the recovery by the polar MeOH solvent to be far greater than the non-polar CS2, 
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but this is not always so. Though all of the detected ethanol and 1-propanol was 
recovered by zeolite 13X, nearly half of 1-butanol and acetone was recovered by 
ACS/CS2• 
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Figure 15. Oxygenate recovery obtained by dual adsorbent preparation. The 
left graphs show the results of zeolites and ACS both with MeOH, while the 
right graphs show zeolites with MeOH and ACS with CS2• The top graphs 
show the results by area counts, while the bottom graphs display the same 
data by #portion of recovery by method". For all oxygenates, 13X recovered the 
majority of detected analyte. 
One way to explain the greater portion of recovery by ACS with CS2 over 
MeOH may have to do with desorption efficiency. If in both sets of samples the 
same gross number of molecules adsorbed to the ACS, it stands to reason that the 
only subsequent difference between the recoveries should be due to the 
performance of the respective desorption solvents. Because MeOH is a polar 
solvent, it may be less effective in desorbing the non-polar ACS, whereas non-
polar CS2 may better interact with and desorb the ACS. 
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Perhaps the greatest question pertaining to zeolite 13X use is how exactly 
compounds adsorb to them, meaning the physical mechanism. It is understood 
that the pores of 13X are a uniform diameter. Any compound with a molecular 
radius less than the pore diameter is theoretically able to adsorb to the internal 
surfaces of the zeolites. It is understood that additional adsorption is possible on 
the external surface26 • In simplest terms, in addition to the high affinity the 
oxygenated compounds have for polar 13X particles, the zeolites also offer vastly 
greater surface area, and can thus recover greater quantities of compounds with 
suitable molecular radii than can a single 5 mm by 10 mm ACS. However, this 
hypothesis requires empirical verification. 
3.5. Examination of Diesel and Gasoline Recovery by Zeolite 13X 
3.5.1. Single-Mode Adsorbent Preparation 
The next step was to determine how zeolites recovered petroleum-based 
ILs, if at all. Diesel and gasoline were chosen. Diesel is composed of many 
components, most straight chain or branched alkanes and cycloalkanes, and of 
higher molecular weight. In contrast, gasoline is composed of a wide variety of 
lighter hydrocarbons6. Diesel is categorized as a heavy petroleum distillate25, 
while there is a separate ASTM classification for gasoline. Diesel and gasoline 
together span the majority of possible molecular structures and weights of 
compounds found within petroleum-based ILs. 
Samples were prepared by spiking quart cans with 10 uL diesel or 
gasoline and extracted one of three ways: Z/MeOH, ACS/MeOH, or ACS/CS2• 
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Because both diesel and gasoline are composed of multiple hydrocarbon 
components, it was necessary to choose a select few to examine. n-Dodecane, n-
pentadecane, and pristane were the three compounds chosen to examine within 
diesel, while toluene, p-xylene, and 1,2,4-trimethylbenzene were chosen for 
gasoline. It was hypothesized that because diesel and gasoline are petroleum-
based ILs, ACS I CS2 would be the most effective method in recovering them, 
followed by ACS/MeOH. Recovery of hydrocarbons by Z/MeOH was expected 
to be minimal. In Figures 16 and 17, the recovery of the three chosen components 
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Figure 16. Diesel component recovery obtained by single adsorbent 
preparation: zeolite 13X with MeOH, ACS with MeOH, and ACS with CS2• 
As predicted, ACS I CS2 recovered the greatest quantities of both diesel 
and gasoline compounds examined. Since this is the method currently employed 
for IL detection, these results are not surprising. Interestingly, the zeolite method 
was next in terms of effectiveness. ACS/MeOH actually recovered only minimal 
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amounts of the hydrocarbons of interest. Results confirm a continued use of 
ACS/CS2 for petroleum-based IL recovery. 
300000 000 
250 00 000 
J!l 
200 00 00 0 
c 
:II 
0 150000 000 
u 
~ 100 00 000 -c 
500000 00 
0 
Recovery of Gasoline Components 
Toluene p·Xy tent! 
component 
•zeol tes v. 1th MeOH 
ACS with l'leOH 
• ACS wtth CS2 
Figure 17. Gasoline component recovery obtained by single adsorbent 
preparation: zeolite 13X with MeOH, ACS with MeOH, and ACS with CS2• 
3.5.2. Dual-Mode Adsorbent Preparation 
The next round of experiments involved using two adsorbents 
simultaneously to recover diesel and gasoline. When Z/MeOH and ACS/MeOH 
were used together to recover diesel, nearly 60% of n-dodecane was recovered by 
13X. Greater than 90% of n-pentadecane and pristane compounds was recovered 
by 13X zeolites. However, when the dual-mode extraction was performed with 
Z/MeOH and ACS/CS21 approximately 90% of n-dodecane, 70% of n-
pentadecane, and 60% of pristane was recovered in the non-polar extract (Figure 
18). 
Looking at dual adsorbent results for gasoline, when extracted with 
Z/MeOH, ACS/MeOH recovered the majority of toluene at approximately 95%, 
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Figure 18. Recovery of diesel components obtained by dual-mode adsorbent 
preparation. In the left hand graphs, both zeolite 13X and ACS desorbed in 
MeOH are compared; on the right, 13X with MeOH is compared to ACS with 
cs2. 
90% of p-xylene, and more than half 1,2,4-trimethylbenzene (Figure 19). The 
graphs on the right side of Figure 19, however, show that ACS/CS2 is the most 
effective method for gasoline compound recovery overall. Toluene, the 
component with the greatest recovery, had an average peak area of 45 million 
area counts when recovered by ACS/CS2, while approximately 17.5 million area 
counts resulted when recovered by ACS/MeOH. When portion of recovery is 
compared by m ethod, 80% of toluene, and 70% of both p-xylen e and 1,2,4-
trimethylbenzene, was attributed to the non-polar CS2 extract. Zeolite 13X 
recovery of the compounds was minimal.Results from this study, when 
considered along with data from dual adsorption study of oxygenated 
compounds, suggest the possibility that ACS and zeolite 13X may be used 
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effectively in the same sample cans to recover both oxygenated and petroleum-
based ILs simultaneously. Further studies were thus conducted to test this 
theory. 
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Figure 19. Recovery of gasoline components obtained by dual adsorbent 
preparation. In the left hand graphs, zeolite 13X and ACS both desorbed in 
MeOH are compared; on the right, 13X with MeOH is compared to ACS with 
CS2• 
3.6. Examination of Complex Adsorption Scenarios 
The complex scenarios of this project were examined because fire scenes 
can differ vastly. The type and number of ILs used to accelerate a blaze are two 
variables that can produce variety in fire debris samples submitted for analysis. 
While a single arsonist may not be likely to use more than one IL at a scene, it is 
possible that he might. If more than one individual is setting a fire, there is a 
greater chance that two or more ILs may be applied to the scene. Altematively, 
mixtures may be encountered when an IL was stored within a container that 
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originally held another IL. An object that is later collected as fire debris evidence 
could then contain multiple ILRs. It would be desirable that whatever method 
was used to extract the sample had the capability to detect multiple ILs. In an 
effort to evaluate the zeolite extraction method as viable for fire debris samples, 
it was applied to recover contrived mixtures of ILs, even though mixture samples 
may not be common in forensic casework. Combinations of oxygenated and 
petroleum-based ILs present in the same sample cans were examined in the next 
section. 
3.6.1. Single-Mode Adsorbent Preparation 
The first set of samples were prepared by spiking 10 uL of all five 
oxygenates and 10 uL of diesel or gasoline into the same cans, for 60 uL total 
spiked IL volume per can. Samples were then extracted using Z/MeOH, 
ACS/CS2, or ACS/MeOH. The IL recovery of oxygenates and diesel by each 
method was compared side-by-side, as can be seen in Figure 20. It is immediately 
evident that 1-propanol, 1-butanol, and isopropanol were recovered well by 
zeolite 13X and MeOH. The 13X also recovered ethanol better than ACS/MeOH, 
and was the only adsorbent to recover acetone in an appreciable amount. For the 
diesel compounds within the same can, however, zeolite 13X recovered minimal 
levels. ACS/CS2 was the second-ranked method in terms of recovery efficiency. 
It recovered the greatest amounts of n-dodecane, n-pentadecane and pristane, 
and the next greatest quantities of 1-butanol and isopropanol. However, 
ACS/CS2 recovered no ethanol, 1-propanol or acetone. ACS/MeOH recovered 
72 










Simultaneous Recovery of Oxygenates and Diesel Components 
• zeol ites with MeOH 
•ACS w l'l CS2 
ACS with MeOH 
Ethanol !-Propanol !-Butanol Isopropanol Acetone N-Dodecane N·Pentadecane Prlstane 
compound 
Figure 20. Recovery of oxygenates and components of diesel obtained by 
single-mode adsorbent preparation. 
In Figure 21, one may observe a similar trend for the recovery of 
oxygenates and gasoline. Z/MeOH recovered significant amounts of 1-propanol, 
1-butanol, and isopropanol, and was the only mode to recover acetone. Ethanol 
recovery by zeolite 13X was approximately equal to that obtained by 
ACS/MeOH. Of the gasoline components, ACS/CS2 recovered significant levels 
of toluene, p-xylene and 1,2,4-trimethylbenzene, along with 1-butanol and 
isopropanol. However, ACS I CS2 recovered no ethanol, 1-propanol or acetone. 
ACS/MeOH was marginally more effective for oxygenates with gasoline, as this 
method recovered the next highest levels of toluene, p-xylene, ethanol, and 1-
propanol. 
Examining Figures 20 and 21 together, the tendency for the single-mode 
Z/MeOH to recover the five oxygenates and single-mode ACS/CS2 to recover 
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the petroleum-based components elicited continued study. ACS/MeOH did not 
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Figure 21. Recovery of oxygenates and components of gasoline obtained by 
single-mode adsorbent preparation. 
3.6.2. Dual-Mode Adsorbent Preparation 
It was desirable to then examine dual-mode adsorption, now with two 
types of ILs in the same can. Analysis involved looking at which adsorbent mode 
was responsible for the recovery of which analytes. In the first study, 10 uL of 
each oxygenate plus 10 uL of diesel or gasoline were spiked into a set of quart 
cans, and both 13X and ACS were suspended into the can headspaces. After a 2 
hour incubation, both adsorbents were desorbed in MeOH. Thus, different 
adsorbents, but the same desorption solvent, were compared. It was predicted 
that because of the polar desorption solvent, oxygenates would be recovered 
with high efficiency by the Z / MeOH combination, with minimal recovery of 
petroleum based compounds. Results of this experiment may be seen in Figures 
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Figure 22. Competitive recovery of oxygenates and diesel components 
obtained by dual-mode adsorbent preparation, zeolite 13X with MeOH and 
ACS with MeOH. 
While Z/MeOH did indeed recover the vast majority of detected 
oxygenates, they also recovered 80% or greater of detected petroleum 
compounds associated with diesel and gasoline, an unexpected observation. A 
closer look at the data, however, suggests an explanation for such a 
phenomenon. Since hydrocarbon compounds have a high affinity for the 
nonpolar carbon strip, it is likely that the polar desorption solvent MeOH was 
not efficient in desorption of those compounds from the ACS. As a result, the 
hydrocarbons adsorbed to the external surfaces of the 13X particles were 
desorbed in a greater amount than those adsorbed to the ACS. Thus, the data 
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exhibited a greater recovery of the diesel and gasoline compounds by Z I MeOH 
rather than ACS I MeOH. 
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Figure 23. Competitive recovery of oxygenates and gasoline components 
obtained by dual-mode adsorbent preparation, zeolite 13X with MeOH and 
ACS with MeOH. 
A dual-mode preparation was next performed comparing the same 
adsorbent with differing desorption solvent. If laboratories were to utilize MeOH 
in addition to cs21 supplementing current protocols with a polar desorption 
solvent, it was necessary to investigate the type of results that would be 
obtained. Two half ACS were thus suspended simultaneously within the same 
can headspace and incubated for 2 hours to adsorb spiked oxygenates and diesel 
or oxygenates and gasoline. The strips were desorbed in an equal volume of 
76 
either CS2 or MeOH. While it was expected that ACS I CS2 would recover the 
majority of petroleum compounds associated with diesel and gasoline, whether 
ACSIMeOH would recover the great portion of oxygenates was unknown. 
Results from this experiment may be seen in Figures 24 and 25. 
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Figure 24: Competitive recovery of oxygenates and diesel components 
obtained by dual adsorbent preparation, ACS with MeOH and ACS with CS2• 
In Figure 24, it is evident that ACS/MeOH recovered the greatest amount 
of detected ethanol, 1-propanol, 1-butanol and acetone, while ACS I cs2 
recovered the majority of detected isopropanol and over 90% of observed diesel 
components. A similar trend is seen in oxygenates and gasoline depicted in 
Figure 25, with a slight change in recovery of 1-butanol: ACS I CS2 recovered the 
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greatest amount of 1-butanol, in addition to isopropanol. Again, ACS I CS2 
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Figure 25: Competitive recovery of oxygenates and gasoline components 
obtained by dual adsorbent preparation, ACS with MeOH and ACS with CS2• 
Data exhibited in Figures 22 and 23 suggest that petroleum-based 
compounds of diesel and gasoline have some affinity for the zeolites. Similarly, 
data included in Figures 24 and 25 suggest some affinity of the oxygenated 
compounds for the ACS. A situation in which oxygenated ILs had a greater 
affinity for one sorbent while petroleum-based ILs had a primary affinity for the 
other would be ideal. However, desorption must be considered as well. 
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As such, the third dual-mode preparation combination was a comparison 
of zeolites with MeOH to ACS with CS2• It was expected that this competitive 
adsorption scenario would result in the majority of oxygenates recovered by 13X 
while the ACS would recover the greater portion of the petroleum-based 
compounds. The results shown in the top graph of Figure 26 support such a 
hypothesis. 
When the data are examined by portion of recovery by method, one can 
see easily that all of the detected ethanol, 1-propanol and acetone, along with 
70% or greater of 1-butanol and isopropanol were recovered by ZIMeOH. All of 
the detected n-dodecane, and approximately 80% of detected n-pentadecane and 
65% of detected pristane was recovered by ACS I CS2• 
The results of oxygenates and gasoline extracted using Z I MeOH and 
ACS I CS2 are shown in Figure 27. Once again, the greatest recovery of 
oxygenates was achieved by zeolite 13X while the gasoline components were 
recovered by ACS with CS2• However, it bears highlighting that 100% of 
detectable ethanol, 1-propanol and acetone was recovered by one adsorbent, 
while the other recovered 100% of detectable gasoline components, toluene, p-
xylene and 1,2,4-trimethylbenzene. 
The data suggested that the two adsorbents could recover separate 
analytes well as no compound was recovered in great quantities by both 
adsorbents. It appeared as if the two methods used in tandem could work 
efficiently to increase detection of oxygenates while maintaining current recovery 
techniques and sensitivity for petroleum-based products. 
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Figure 26. Competitive recovery of oxygenates and diesel components 
obtained by dual-mode adsorbent preparation, zeolite 13X with MeOH and 
ACS with CS2• 
Taken together, the data collected within the complex scenario studies 
may be used to draw a few important conclusions. While ACS/MeOH did 
exhibit the ability to recover oxygenated ILs in many situations, the zeolite 
method was shown to be approximately twice as effective. Because it is unknown 
what IL may be present in a fire debris sample, the most sensitive extraction 
procedure should be chosen to minimize analyst uncertainty when drawing 
conclusions about evidence data. Experimental results suggested both 
oxygenated and petroleum-based ILs could be recovered efficiently by using a 
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dual-mode adsorbent technique, one that utilized zeolite 13X in tandem with 
ACS and separate desorption. The dual-mode technique required little additional 
preparation, and a single round of heated headspace extraction. 
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Figure 27. Competitive recovery of oxygenates and gasoline components 
obtained by dual-mode adsorbent preparation, zeolite 13X with MeOH and 
ACS with CS2• 
3.7. Examination of Container Volume and Oxygenate Recovery 
In practical situations, an investigator or technician at a fire scene charged 
with collecting evidence may not always collect debris in quart sized paint cans, 
the packaging type used throughout the studies described in this research. It is 
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part of many laboratory protocols to perform heated passive headspace 
extraction within the original sample packaging. Therefore, the size of the sample 
packaging may serve as another variable in recovery of ignitable liquids present. 
To investigate the effects of packaging size on oxygenate recovery with 13X 
zeolites, a study was undertaken wherein cans of three sizes were utilized. 
Recalling the ideal gas law stated in Equation 1, by rearranging the 
equation for the quantity of a given gas in moles, n, one can consider and predict 
changes in volume: 
PV=nRT 
n= PV /RT 
Equation 1 
Equation 3 
Thus, at a constant temperature T, pressure P, and with the universal gas 
constant R, n and volume V are directly related. As such, it was expected that if 
the same amount of oxygenate was spiked across several containers of different 
volume, the total moles of vapor formed would increase with volume, however 
the total concentration (moles/ volume) of vapor would remain the same. Since 
vapor and liquid states are in equilibrium in a sealed container, the concentration 
of an oxygenate in the headspace interacting with the 13X sorbent, should be 
consistent also across all container sizes. It was expected, then, that a constant 
quantity of zeolite 13X would recover a consistent amount of a given oxygenate, 
irrespective of the container size. 
Figure 28 depicts the mean recovery of oxygenates by can volume. The 
study was performed in triplicate, and the error bars represent the standard 
deviation between replicate means. 1-Butanol appeared to slightly increase as 
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can size decreased, with a mean recovery from gallon cans at approximately 2.51 
million area counts, to 2.70 million area counts for quart cans, to 2.95 million area 
counts for pint cans. The remaining oxygenates did not follow this, or any, 
pattern; unlike 1-butanol, recovery of acetone appeared to decrease slightly with 
decreasing container volume. 
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Figure 28. Packaging size study depicting oxygenate recovery associated with 
gallon, quart, and pint-sized metal paint cans. Levels of recovery were similar 
across varied sizes by oxygenate, suggesting sample packaging caused no 
significant effect on recovery. 
While slight variability in recovery was observed, it was desirable to 
determine whether these differences were statistically significant. As such, one-
way analysis of variance (ANOV A) was used to compare the recovery means by 
oxygenate between the can sizes. For the purposes of ANOV A, the null 
hypothesis (H0) stated that no significant difference between oxygenate recovery 
based upon container volume was observed, while the alternative hypothesis 
(Ha) stated that container size affected recovery of oxygenates. The critical value 
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"f" was identified as 5.409 at a 95% confidence interval for each set of samples48• 
The calculated F-statistic for each oxygenate was determined using the equation: 
F = Model Mean Square= Sum of Squares Mean/(k-1) 
Mean Square Error Sum of Squares Error I (n-k) 
Equation 8 
where k represents the number of means in a set and n refers to the number of 
values in the population. For the purposes of this test, k = 3 and n = 9. An F-
statistic was calculated independently by oxygenate, and compared to the critical 
value f (see Table 7). 
T bl 7 ANOVA 1 a e . va ues f "d k t d or ev1 ence pac agmg s u Ly 
Oxygenate MSM MSE F (MSM/MSE) Conclusion 
Ethanol 5.95707E+ 14 2.37938E+ 14 2.503618845 F<f; do not reject H 0 
1-Propanol 3.9006E+14 7.43259E+ 13 5.247968419 F<f; do not reject H 0 
1-Butanol 1.51093E+ 15 5.56083E+ 14 2.717088888 F<f; do not reject H 0 
Isopropanol 3.70759E+ 14 1.9562E+14 1.895305378 F<f; do not reject H 0 
Acetone 3.42284E+ 14 1.18284E+14 2.893750337 F<f; do not reject H 0 
For all five oxygenates, the F-statistic was less than the critical value f, so 
the H 0 could not be rejected. The data suggests the following conclusion: there is 
no statistically significant evidence that the various container volumes were 
associated with the resulting oxygenate recovery. 
These results were in accordance with expectations provided by 
manipulation of the ideal gas law. The agreement between the theoretical and 
actual performances of the zeolites adds reliability to and expands analyst 
confidence in the use of zeolite 13X, regardless of how a sample is submitted to 
the lab for analysis. 
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3.8. Forensic Application: Blind Study 
The final experiment associated with this research endeavor was a blind 
study. For any forensic laboratory to deem the dual-mode technique worthwhile, 
it would be necessary to show its utility in a practical scenario. Ten unknown fire 
debris-like samples were prepared in a blind procedure. The laboratory 
supervisor created two series of ignitable liquids labeled with letters only. A 
volunteer was instructed to spike into each of the ten quart cans 10 uL of zero, 
one or two ILs. The volunteer had no knowledge of the IL identity except that 
one set contained oxygenated ILs and one set contained petroleum-based ILs. 
The samples were then extracted with a dual-mode preparation consisting 
of Z/MeOH and ACS/CS21 heated for 2 hours at approximately 85-90°C, and 
then desorbed for 15 minutes in 500 uL of solvent. Extracts were subsequently 
analyzed by GC I MS using EmArson1MeOH.M and EmArson1 CS2.M, 
respectively. That is to say, two extracts were run per sample, the MeOH and CS2 
factions. The chromatograms that resulted were examined and any detected ILs 
were categorized by class and boiling point range according to ASTM guidelines. 
Analyst conclusions, along with the identities of ILs spiked as part of the blind 
preparation are included in Table 8. 
A few observations were noted while performing the practical study. 
First, the dual-mode procedure was remarkably quick, requiring approximately 
2.5 hours from receipt of sample to commencing the GC/MS sequence. This is a 
distinct advantage for forensic laboratories with significant evidence backlogs, 
requiring a fraction of the time resources currently allocated. As was discussed in 
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section 3.1.2. Oven Temperature and Heating Time Determination, an analyst 
may opt for longer incubation periods, such as overnight, with recovery further 
improved. It would be prudent to keep from filling the temperature-controlled 
oven to capacity when using shorter heating times to ensure samples are heated 
evenly. 
Data generated consisted of two chromatograms per blind sample, one for 
the MeOH extract, and another for the CS2 extract. Those corresponding to CS2 
extracts were analyzed further using EIPs to better visualize individual alkane, 
aromatic, cycloalkane and alkene, and naphthalene patterns. The chromatograms 
associated with the EmArson1CS2.M method provided good separation of 
petroleum-derived compounds. Unlike other methods used for fire debris 
samples, the MS detector was turned off only during the CS2 elution rather than 
the first five minutes of the run. As a result, petroleum-based compounds that 
elute before five minutes that did not co-elute with cs2 were detected, such as 
pentane or hexane. 
The blind study utilized dual-mode adsorption and achieved a high level 
of success with regard toIL recovery and identification. Of 17 total spiked ILs, 15 
were readily identified. Of the two ILs that were not recognized, one was 
masked by the desorption solvent. Sample 10 was spiked with a medium 
petroleum distillate and MeOH. MeOH was an oxygenated compound that the 
analyst expected to detect in trace amounts, since it was apart of the 
experimental procedure as desorption solvent and injector wash. Though the MS 
detector was programmed to tum off during most of the MeOH solvent elution, 
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minimal MeOH was often observed. Consequently, when MeOH was applied as 
an "accelerant", though it was detected, it was not identified as a spiked IL. 
Should an arsonist utilize MeOH-or CS2-as an accelerant, it may not be 
identified due to the use of these flammable compounds as efficient desorption 
solvents in fire debris analysis protocols. 
Table 8. Results of blind study. 
Can IL(s) Spiked IL(s) Analyst Reported Number 
1 
Ethanol, medium naphthenic-paraffinic Ethanol, medium to heavy 
product naphthenic:Earaffinic product 
2 
1-Propanol, medium to heavy 1-Propanol, medium to heavy 
isoparaffinic product isoparaffinic product 
Miscellaneous product containing: 
3* 
acetone, methyl ethyl ketone, 2- and 3- Acetone, methyl ethyl ketone, light 
methylhexane, heptane, toluene, and 2- miscellaneous product 
butoxyethanol 
4 (None) Negative 
5 Acetone, heavy normal alkane product Acetone, heavy normal alkane 
product 
6 
Light petroleum distillate, medium 
Medium petroleum distillate petroleum distillate 
7 Isopropanol, heavy petroleum distillate Isopropanol, heavy petroleum distillate 
8 Ethanol Ethanol 
9 
Methyl ethyl ketone, medium Methyl ethyl ketone, medium 
petroleum distillate petroleum distillate 
10 Methanol, medium petroleum distillate Medium petroleum distillate 
Number of ILs Correctly Identified 15/17 or 88.23% 
Italic denotes spiked ILs that were not identified by analyst. 
*Can 3 was spiked with a commercial product; interpretation may differ from analyst to analyst. 
The second overlooked IL was a light petroleum distillate, specifically 
petroleum ether, and was spiked along with a medium petroleum distillate in 
Sample 6. To better understand petroleum ether, and to ensure it did not co-elute 
with the desorption solvents, 1:100 standards of petroleum ether in MeOH and in 
CS2 were analyzed using GC I MS. In both chromatograms,~ compounds 
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associated with petroleum ether included n-pentane, as well as C5 and C6 
isoalkanes, within the "light" classification range. It appears as if the analyst was 
unable to identify petroleum ether as its own light petroleum distillate when a 
medium petroleum distillate was also present, but the dual-mode technique was 
not at fault. 
Chromatograms associated with 13X recovery were able to capture 
oxygenated ILs often missing from the corresponding CS2 chromatogram. 
EmArsonlMeOH.M, too, was 30 minutes in length, and often showed a less 
abundant pattern of whatever petroleum-based IL was spiked in the same can. 
Due to the fact that the pattern was already evident and with better abundance in 
the cs2 faction, it was observed that for most samples only the isothermal 
portion of the method would be sufficient. This abbreviation would shorten the 
GC I MS analysis time per sample from one hour to approximately 35 minutes. 
The combined chromatograms would provide sufficient information for an 
experienced fire debris analyst to make confident conclusions. 
One particular sample provided more of a challenge than others. Can 3 
was identified as containing acetone, MEK and a light oxygenated product. In 
the MeOH-associated chromatogram, a peak with an abundance of 
approximately 100,000 was evident at 8.4 minutes corresponding to 
butoxyethanol (Figure 29). As a polar compound, it was recovered well by the 
zeolites. The same compound in the CS2 chromatogram corresponded to a peak 
that was almost unremarkable (Figure 30); still, an experienced analyst would 
have noticed it. In sum, though it was helpful to have a full 30 minute 
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Figure 29. Chromatogram depicting recovery associated with blind study 
sample Can 3, by Z/MeOH using EmArsonlMeOH.M. Small peak eluting after 






TIC: Can 3 ACS-0'\.c:lata.rns 
0 IJ lA 
2..00 4 .00 6.00 8.00 10.00 12..00 14.00 16.00 18.00 20.0022..0024.0026.0028.00 
Figure 30. Chromatogram depicting recovery associated with blind study 
sample Can 3, by ACS/CS2 using EmArsonlCS2.M. 
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4. CONCLUSIONS 
The zeolite method was shown to be an effective methodology for the 
recovery of ethanol, 1-propanol, 1-butanol, isopropanol and acetone. It provided 
even greater information regarding the presence of ILs when performed 
complementarily with ACS in heated passive headspace concentration. Taken 
together, the dual-mode adsorption yielded identification of both oxygenated 
and petroleum-based ILs in a single extraction. 
It is recognized that the difference in available surface area between 64 
zeolite particles and a half ACS is significant, up to nearly ten times depending 
on the source reporting the 13X surface area values. However, there are various 
ways in which this fact may be interpreted. It might be observed that if a greater 
amount of ACS were utilized, for instance a quantity with equivalent available 
surface area to the 64 13X particles, the success of 13X at recovering oxygenates 
would be minimal at best. While this is likely, at $2.75 per half ACS, it would cost 
approximately $12.50-$25 per sample to provide an equivalent surface area of 
ACS. In contrast, 64 particles of zeolite 13X cost approximately $0.007. For many 
forensic laboratories, cost efficiency is a significant consideration. 
In controlled laboratory experiments, the use of the zeolite 13X did not 
contribute any negative effects to the recovery of diesel and gasoline. The levels 
of diesel and gasoline compounds recovered by ACS I CS2 alone were actually 
less that what was recovered by the ACS portion of dual mode extraction with 
zeolites, suggesting no inhibition of hydrocarbon recovery by the 13X material in 
the same container. The results of the blind study practical sample testing 
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reinforced this. In Can 9, for instance, both MEK and a medium petroleum 
distillate were easily identifiable. 
Finally, GC/MS parameters outlined in this paper allowed for the 
separation, analysis, and identification of both oxygenated and petroleum-based 
ILs. The EmArsonl.M method was suitable for both the polar and non-polar 
factions with slight adjustments in MS detector timed events to turn the detector 
off during solvent elution, preserving the life of the filament within the ion 
source. 
This research provided extensive evidence in favor of the addition of 
zeolite 13X into the standard heated passive headspace concentration 
methodology. With suitable desorption and GC/MS analysis, zeolite 13X has the 
potential to greatly ameliorate forensic laboratory capabilities to extract 
oxygenated ILs from fire debris samples. 
4.1. Future Directions 
While data generated by these studies suggest that the zeolite method 
could be readily and successfully applied to fire debris analysis, and at little 
additional cost, further research offers the opportunity to refine current 
knowledge. Though ILs belonging to multiple categories were detected and 
identified in the blind study section, focused studies examining the dual-mode 
adsorption technique applied to the recovery of all 8 classes of ILs within the 
ASTM E1618-10 classification scheme is desirable. This research endeavor 
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provided data for only light oxygenated products, a single heavy petroleum 
distillate, diesel, and gasoline. 
Additional alcohols and ketones should also be examined. While the five 
included varied somewhat in structure and relative polarities, larger alcohols like 
1-pentanol and higher would be of great interest. Further ketones should be 
tested with zeolite 13X as well, as it was not possible to observe trends that may 
have resulted from the carbonyl group (rather than the hydroxyl groups of the 
alcohols) with acetone alone. It is possible that with additional oxygenates of 
interest, co-elution may begin to be a significant challenge and the GC/MS run 
parameters may need to be revisited. However, since the scene of a set fire by 
one individual will rarely contain multiple ILs, major co-elution should be 
scarcely encountered. Even then, the use of EIPs would provide sufficient 
information for a successful analysis. 
As mentioned throughout the Results and Discussion section, there were 
certain studies that should be revisited. First, it would be useful to determine 
with greater certainty the saturation point of 13X for each of the five oxygenates 
in this study, and any others examined in the future. IL concentration did not 
exceed 500 uL per 13X packet, out of concern for filament life in the MS detector. 
A 2005 study by Williams et al. examined saturation and distortion effects on 
activated charcoal strips in heated headspace concentration, and could serve as a 
model for an equivalent study of 13X46• Similarly, the number of 13X zeolites 
within each adsorbent packet could be reappraised. At the start of the project, 
that parameter was one adopted from work by St. Pierre, rather than tested 
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independently. It is possible, then, that a more efficient quantity might be 
determined. Ideally, the number of 13X particles should allow for the greatest 
recovery with the least amount of solvent and adsorbent material necessary. 
An additional study might be conducted to improve the desorption 
technique. All studies employed passive solvent desorption, regardless of 
adsorbent type. After heating, samples were placed on a laboratory bench rocker 
for approximately 15 minutes. It has been proposed that a more active 
desorption method might assist in compelling the adsorbed analyte compounds 
within 13X pores to desorb and enter the solvent. A sonicator and a vortex are 
two examples of possible techniques that could be applied. 
Certainly, further practical samples should be tested. All experiments in 
this project were controlled and performed within the laboratory, simply by 
spiking IL aliquots onto Kimwipes. The next step would be to test the dual-mode 
method by recovering ILs from substrates that are commonly submitted as fire 
debris samples, such as carpet, carpet padding, and hardwood flooring. 
Gugliotta performed one such study wherein oxygenates were recovered from a 
variety of burning and spiking conditions41• Her work could provide a suitable 
starting point for a project that would examine oxygenated IL recovery with 
zeolite 13X from various substrates and a range of fire conditions. From such a 
study, it could be learned whether pyrolysis products (compounds produced by 
the decomposition of materials like building substrates during a fire that are 
known to complicate chromatographic interpretation of ILs) interfere with the 
ability of zeolite 13X to recover oxygenated 1Ls50• Additionally, the zeolites may 
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be used alone to study oxygenated compounds that are innate within substrates, 
before and after burning. That is to say, alcohols and ketones used in the 
manufacturing processes of common building materials might be better 
elucidated using the zeolite approach on unburned and burned substrates. The 
method could be used to identify and describe an "oxygenate-laced 
background", modeled after the notable publication by Lentini that described the 
prevalence of petroleum compounds in everyday materials like newspapers, 
copier toners, and the soles of shoes51 . 
An interesting trend encountered in the data was a consistently high 
recovery of 1-butanol and isopropanol, relative to other oxygenates. This 
tendency was observed regardless of the adsorption medium or desorption 
solvent used, whether single or multiple analytes were present in the same 
samples, and irrespective of most method parameters. Studies may be designed 
and the chemical and/ or physical properties further examined, to better 
understand why this very reproducible pattern was occurring in these two 
oxygenates. 
At an even more basic, molecular level, studies should be employed to 
better elucidate surface and physical properties of zeolite 13X. In order to fully 
understand why 13X recovers oxygenated ILs so well, it is necessary to decipher 
just how the mechanisms of adsorption and desorption occur. As zeolite 13X has 
been studied extensively in other fields outside forensic science, collaboration 
with scientists in disciplines such as engineering or physical chemistry may 
provide incredible insight into the application at hand. 
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